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EDITORIAL 


Innovating a Green Real Deal 


s the United States heads toward an election 
year in 2020, climate change promises to stay 
in the headlines. Increasing public concern 
about and desire to address the consequences 
of global warming drive this attention, along 
with the debate about a Green New Deal that 
promotes social justice alongside accelerated 
deep reductions in greenhouse gas emissions. Now 
is the time to translate these aspirations into action 
within the constraints of technical, cost, and social re- 
alities. This is optimization, not compromise—call it a 
Green Real Deal. 

A Green Real Deal framework should be structured 
around a set of key characteristics. It must be science- 
based and analytically sound. It must 
be pragmatic in providing maximum 
optionality and flexibility, enabling a 
broad coalition to form. It must ad- 
dress all sectors of the economy, par- 
ticularly those difficult to decarbonize 
such as transportation, industry, and 
agriculture. It must have a regional 
focus, because low-carbon solutions 
will necessarily be location depen- 
dent. And it must advance social 
equity and workforce development, 
avoiding stranded assets and stranded 
workers wherever possible and offer- 
ing remedies for those most affected 
by the energy transition. By any name, these charac- 
teristics provide criteria for measuring Green Real 
Deal proposals. 

What is needed to support this framework? A core 
component is innovation in technology, business mod- 
els, and policy, and technology innovation is in many 
ways the key enabler among them. Without the devel- 
opment and deployment, at gigatonne scale, of break- 
through technologies that are affordable, the United 
States and the world will not reach net carbon neutral- 
ity. Breakthrough technology candidates could enable 
carbon direct removal, commodity-scale CO, utiliza- 
tion, biological and geological CO, storage at giga- 
tonne scale, economic electricity storage at time scales 
from days to seasons, advanced nuclear fission and fu- 
sion energy, a hydrogen economy, full integration of 
information technology with the energy system, and 
advanced low-carbon fuels—and more. 


“The innovation 
agenda is 
also central 
to the social 
equity 
objective.” 


Although we cannot expect these breakthrough 
technologies to have been developed and deployed at 
scale in the near term, innovation is nevertheless also 
crucial for decadal goals that put us on the pathway 
to mid-century deep decarbonization. The impacts of 
enormous cost reductions in solar energy, wind power, 
batteries, and light-emitting diodes are evident, but 
electricity emissions reductions are only 28% of the 
US. total. Major cost reductions, starting with an em- 
phasis on energy efficiency, must be extended across 
all sectors of the economy. This depends on innovation 
that comes not only from research and development 
but also from the manufacturing and scaling experi- 
ence gained from increasing deployment. 

The innovation agenda is also cen- 
tral to the social equity objective. 
Mitigating climate change through 
technology and policy is critical for 
underserved communities, those hit 
first and worst by extreme weather. 
Also, most clean energy technolo- 
gies remain expensive relative to in- 
cumbent technologies, and lowering 
energy prices through innovation is 
progressive in its impact across the in- 
come distribution. Further, platform 
technologies that support innovation, 
such as broadband, must be univer- 
sally available. 

Neither the deep decarbonization nor the social eq- 
uity agendas are being pursued adequately today, but 
steps are readily available to start to remedy this. The 
innovation agenda is a good place to start. Today, there 
is much bipartisan discussion in Congress about sub- 
stantially increasing the scale and scope of federal clean 
energy research, development, demonstration, and de- 
ployment (RDD&D) programs. The 2015 Mission Inno- 
vation commitment by 20 countries, led by the United 
States, to double clean energy investments provides a 
good benchmark. Such a commitment to boost federal 
clean energy RDD&D could and should encompass sub- 
stantial support for regional innovation systems. Ad- 
vancing an innovation initiative through Congress now 
will be an important step toward a Green Real Deal and 
perhaps awaken the kind of climate change account- 
ability needed more broadly in 2020. 

-Ernest J. Moniz 
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Deforestation spikes in Brazil as oversight ebbs 


eforestation in Brazil increased sharply in May, with 
740 square kilometers of land newly cleared, according 
to the Real-time Deforestation Detection System 
(DETER), a satellite monitoring program run by the 
National Institute for Space Research in Sao José dos 
Campos. That’s 35% more than in May 2018 and twice 
as much as in May 2017. Stricter regulations and monitoring 
led annual deforestation rates in the Brazilian Amazon to drop 
by 83% between 2004, when DETER operations began, 
and 2012, but they have been trending upward for the past 


Fired researcher apologizes 


#METOO | One week after Stanford 
University School of Medicine in Palo Alto, 
California, fired Jose Montoya, an expert on 
the parasitic disease toxoplasmosis who has 
also played a key role in elevating research 
on chronic fatigue syndrome (CFS), he 
issued a broad—but vague—apology for the 
conduct violations that led to the school’s 
30 May action. On 4 June, The Stanford 
Daily quoted an anonymous statement, 
which it said came from women affected by 
Montoya’s actions, claiming there had been 
“extensive allegations of sexual misconduct, 
assault, and harassment” against him. Ina 
statement subsequently released by a law- 
yer, Montoya, who is from Colombia, wrote, 
“The social norms in the U.S. are evolving 
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and quite different than those from my 
culture and homeland. I did not sufficiently 
appreciate that difference.” He added: “I 
have not been involved in any sexual or 
romantic relationships with employees, 
trainees, colleagues, or CFS team members.” 


Plant extinctions rank high 


BIODIVERSITY | The first global analysis of 
its kind finds that twice as many plant spe- 
cies have disappeared as birds, mammals, 
and amphibians combined. Researchers 
reviewed published research, international 
databases, and museum specimens, finding 
571 plant species that vanished in the past 
250 years. For example, the Chile sandal- 
wood tree in the South Pacific, which was 
exploited for its fragrant timber, was last 


Published by AAAS 


6 years because of political and economic pressures. DETER is 
a low-resolution alert system meant to guide law enforcement, 
but deforestation estimates based on its data track closely with 
official government numbers produced by another satellite 
monitoring program. The highest rates of forest clearing are 
typically recorded in June and July, when dry weather makes 
logging and burning easy. Many scientists fear that Brazilian 
President Jair Bolsonaro’s loosening of environmental policies 
and enforcement will embolden loggers, farmers, and land 
developers to encroach further on the forest. 


seen in 1908. The number of extinct plant 
species is four times higher than the offi- 
cial listing kept by the International Union 
for the Conservation of Nature in Gland, 
Switzerland, the team reports this week in 
Nature Ecology & Evolution. 


CRISPR alliance launched 


DRUG DEVELOPMENT | Top CRISPR 
researchers at two University of California 
(UC) campuses have teamed up with phar- 
maceutical giant GlaxoSmithKline (GSK) to 
form a new laboratory in San Francisco that 
will jointly exploit the genome editor to find 
new drugs. UC Berkeley’s Jennifer Doudna, 
a co-inventor of the powerful CRISPR tool, 
and UC San Francisco’s Jonathan Weisman 
will select the academic talent to work in 
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the new Laboratory for Genomics Research, 
which will identify new drug targets by 
using CRISPR to probe genome function. In 
all, GSK will fund 24 full-time UC research- 
ers and contribute as many as 14 of its 

own employees. GSK has committed up to 
$67 million over 5 years for the unusual 
drug-screening effort. UC will own the 
intellectual property behind any new tools 
invented in the lab, while GSK will own the 
patents on the new drug targets. 


Exoplanet-hunting tool debuts 


ASTRONOMY | Researchers this week 
dedicated an instrument at the European 
Southern Observatory’s Very Large 
Telescope in Chile to search for habitable 
exoplanets in the Alpha Centauri triple-star 
system, our nearest stellar neighbors. The 
system, 4 light-years away, contains a red 
dwarf star, Proxima Centauri, which has an 
Earth-like planet that scientists discovered 
in 2016; they want to know whether more 
are orbiting the system’s two sunlike stars, 
Alpha Centauri A and B. The new instru- 
ment, New Earths in the AlphaCen Region, 
is designed to block most light from a 

star in order to capture the infrared light 
emitted by the warm surface of an orbiting 
planet. Astronomers can use those readings 
to determine the planet’s temperature—and 
whether it could hold liquid water that 
could support life. 


Europe boosts supercomputing 


COMPUTING | The European Union will 
fund eight sites to host powerful new 
supercomputers as part of the €840 million 
European High-Performance Computing 
Joint Undertaking to support scientists and 
industry. They are: Sofia, Bulgaria; Ostrava, 
Czech Republic; Kajaani, Finland; Bologna, 
Italy; Bissen, Luxembourg; the Minho 
region in Portugal; Maribor, Slovenia; and 
Barcelona, Spain. The new machines, due 
by the end of 2020, will not be as fast as 
the “exascale” machines, capable of 

1 billion billion calculations per second, 
being built in China and the United States. 
But some of them will be up to five times 
more powerful than the European Union’s 
current top systems of the Partnership for 
Advanced Computing in Europe in Ixelles, 
Belgium. Three sites will get precursor-to- 
exascale machines, capable of executing 
more than 150 petaflops, or 150 million 
billion calculations per second; five others 
will get petascale machines, capable of 
executing at least 4 petaflops. The centers 
will support research in drug develop- 
ment, materials, weather forecasting, and 
other areas. 
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Ebola crosses into Uganda 


INFECTIOUS DISEASE | The Ebola virus 
that has stubbornly persisted in the 
Democratic Republic of the Congo (DRC) y 


since August 2018 has finally jumped the 


border, sickening a 5-year-old boy in Estimated plastic microparticles 
Uganda. The Uganda Virus Research consumed by each American 
Institute in Entebbe confirmed the infection annually, on average, from fish, 
this week, the World Health Organization salts, water, and other sources. 
(WHO) announced. WHO has long feared Health effects, if any, remain 
that the DRC outbreak, which has sickened unclear (Environmental Science 
more than 2000 people there and killed & Technology). 


about two-thirds of identified patients, 


would spread to neighboring countries. The 

boy, who came to Uganda from the DRC 0 
with his family, is now in an Ebola treat- 1] 
ment facility. His case will likely trigger 


anew a discussion of whether WHO should U.S. Army personnel with ideal 
declare a Public Health Emergency of blood pressure, in 2012. 
International Concern (PHEIC) for the Among U.S. civilian adults of 
outbreak, the second largest since Ebola similar ages, the figure was 
was recognized in 1976. A PHEIC would 55% (Journal of the American 
help WHO marshal more resources. Heart Association). 
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ASTRONOMY 
Scientists fear bright satellites 


wo astronomical societies are worried that light reflected by large networks of 

satellites will spoil celestial observations. The concerns follow SpaceX’s launch of 

60 Starlink communication satellites, designed to bring internet service world- 

wide. Skywatchers soon saw their light trails, including, for example, in an image 

(above) made with a telescope at Lowell Observatory in Flagstaff, Arizona. The 
American Astronomical Society (AAS) in Washington, D.C., adopted a resolution of 
concern on 8 June, and the International Astronomical Union in Paris issued a similar 
statement on 3 June. As the satellites spread out and shift to higher orbits, the density 
and brightness of their tracks will decline. SpaceX, owned by entrepreneur Elon Musk, 
aims to send up 12,000 satellites in all, but Musk says it will try to limit their brightness. 
AAS said it hopes to work with SpaceX and other companies planning to launch mega- 
constellations to help them avoid negative effects on astronomy. 
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Renewals of two diabetes grants held by Megan Sykes (right) of Columbia University could be held up by a new federal policy scrutinizing fetal tissue research. 


U.S. RESEARCH POLICY 


Trump clamps down on fetal tissue research 


Controversial policy could entangle funding proposals in lengthy new ethical reviews 


By Meredith Wadman and Jocelyn Kaiser 


egan Sykes, an immunologist at 

Columbia University, has spent 

years using human fetal tissue to 

develop a mouse with a human- 

like immune system, which mim- 

ics how type 1 diabetes develops in 
humans. The tissue is donated after elective 
abortions, and the mice are testbeds for po- 
tential diabetes treatments. But last week, 
she learned that President Donald Trump, 
acting on a priority of advocacy groups op- 
posed to abortion, had issued a new policy 
that is likely to cause lengthy delays the 
next time she seeks U.S. government grants 
for her work—and could even choke off fed- 
eral funding for all studies that use fetal 
tissue. The policy “is incredibly disappoint- 
ing,” Sykes says, because it is a “politically 
motivated decree” that could derail numer- 
ous disease research efforts. 

The new Trump policy, issued 5 June af- 
ter a 9-month review led by officials at the 
Department of Health and Human Ser- 
vices (HHS), has three major components. 
One kills a long-standing contract between 
the National Institutes of Health (NIH) in 
Bethesda, Maryland, and the University of 
California (UC), San Francisco, under which 
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the university used fetal tissue to develop 
humanized mice for HIV drug testing. An- 
other ends research using fetal tissue con- 
ducted by any scientist directly employed by 
NIH. The third and widest-reaching provi- 
sion adds a lengthy and uncertain step to 
NIH’s process for awarding new or renewal 
grants to university scientists, such as Sykes, 
for studies that use human fetal tissue. It 
requires HHS to appoint a separate 14- to 
20-member ethics advisory board to review 
each proposal that NIH reviewers have 
found worthy of funding. The review of up 
to 6 months will result in a funding recom- 
mendation to the HHS secretary, who can 
accept or reject the advice. 

Enacting the new policy “was the presi- 
dent’s decision .... to protect the dignity 
of human life” Judd Deere, deputy White 
House press secretary, told Science. It was 
applauded by antiabortion activists, whose 
lobbying prompted HHS to launch its review 
of U.S.-funded fetal tissue research in Sep- 
tember 2018. “This is a major pro-life victory,’ 
said Marjorie Dannenfelser, president of the 
Susan B. Anthony List in Washington, D.C. 

Many biomedical researchers were 
stunned, noting that the tissue, which 
would otherwise be discarded, has prop- 
erties that make it valuable for research. 
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It is less specialized than adult tissue, for 
instance, and readily adapts to new envi- 
ronments. “These new restrictions have no 
scientific or ethical basis and will roll back 
decades of consensus in the U.S., delaying 
the development of new treatments,” said 
Doug Melton, president of the International 
Society for Stem Cell Research in Skokie, II- 
linois, and co-director of the Harvard Stem 
Cell Institute. 

“The whole point here is to so wrap the 
research in red tape that it’s impossible or 
at least unlikely to be feasible for many re- 
searchers,” says bioethicist Alta Charo of the 
University of Wisconsin in Madison. 

A 1993 law formalized rules for using fe- 
tal tissue donated after elective abortions 
in U.S.-funded research. Last year, NIH 
spent $115 million on roughly 173 projects 
that rely on the tissue; about 160 were run 
by university scientists. One-third of the 
173 grants focus on HIV/AIDS, many using 
humanized mice to probe, for example, how 
HIV hides out and evades the immune sys- 
tem, and what drugs might defeat it. Others 
tackle other infectious diseases, eye disease, 
and fetal development as well as toxic expo- 
sures during pregnancy. 

NIH says its scientists are conducting just 
three projects affected by the new rules; all 
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will stop. “This decision is devastating. It ef- 
fectively ends our studies looking into new 
approaches for an HIV cure,” says Warner 
Greene, director of the Gladstone Institutes 
Center for HIV Cure Research in San Fran- 
cisco. Greene is a partner in one of the proj- 
ects, run by retrovirologist Kim Hasenkrug 
of NIH’s Rocky Mountain Laboratories in 
Hamilton, Montana. 

At universities, the policy allows existing 
projects to continue until their current NIH 
funding expires. Nearly half of these extra- 
mural grants will expire within the next 
18 months, and scientists will need to apply 
for a renewal if they want to keep the work 
going. Grantees are now grappling with 
what the new review process might mean. 

It has already caused at least one re- 
searcher to change course. HIV scientist 
Jerome Zack last week told colleagues at 
UC Los Angeles that he had decided to re- 
move his work using fetal tissue to develop 
humanized mice from a renewal applica- 
tion, due at NIH in August, for a large grant 
supporting the university’s long-standing 
Center for AIDS Research. “The grant cov- 
ers way more than mouse work, it covers all 
HIV research on campus,” he says. “I don’t 
want to jeopardize that.” 

At Columbia, Sykes is worried about the 
one-third of her 15 staff who are funded 
through two NIH grants. She recently sub- 
mitted a renewal proposal for one grant and 
planned to submit the other in July. HHS 
hasn’t said when the policy will kick in. But 
when Sykes asked NIH officials how it might 
affect her proposals, the response “wasn’t re- 
assuring,” she says. 

Much could depend on whom the HHS 
secretary appoints to the ethics review 
boards. Under existing law governing HHS 
ethics boards, one-third to one-half of a 
board’s members must be scientists, and 
each must include at least one theologian, 
one ethicist, one physician, and one attor- 
ney. The law “absolutely” would allow HHS 
to pack the boards with members who op- 
pose abortion, Charo says. 

Critics of the new policy also say it will un- 
dermine a goal of opponents of fetal tissue 
research: to find and encourage the use of 
alternatives. In December 2018, NIH Direc- 
tor Francis Collins noted that his agency was 
putting up to $20 million over 2 years into 
research on such alternatives. But scientists 
say that those alternatives need to be tested 
for validity against human fetal tissue itself. 
For the time being, Collins said in December 
2018, fetal tissue would “continue to be the 
mainstay” for certain kinds of research. 

The new rules could remove that main- 
stay. But Charo notes a new president 
could reverse the policy, which is not codi- 
fied in law. 
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PATENT LAW 


Draft bill reignites U.S. debate 
over patenting human genes 


Lawmakers propose reversing Supreme Court decisions 


By Kelly Servick 


congressional proposal to expand the 

range of inventions eligible for a U.S. 

patent is drawing protest from scien- 

tific societies and patient advocates. 

The draft bill, released last month 

by a bipartisan group of lawmakers, 
would reverse Supreme Court decisions that 
restricted patents on natural processes and 
products, including human genes. 

In two hearings held last week by a sub- 
committee of the Senate Committee on the 
Judiciary, some representatives of the bio- 
technology industry and research universi- 
ties applauded the proposal, saying it would 
boost innovation. But others were alarmed. 
The American Civil Liberties Union (ACLU) 
in Washington, D.C., and more than 100 other 
signatories released a letter 
warning that the proposed 
changes would stifle medical 


The bill “would 


wipe out the rulings by specifying that the 
U.S. Patent and Trademark Office cannot 
consider “judicially created exceptions ... 
including ‘abstract ideas, ‘laws of nature; or 
‘natural phenomena” in deciding whether 
an invention is patent eligible. 

“Tt’s a radical proposal,” says Roger Klein, a 
physician and legal consultant in Cleveland, 
Ohio, and a member of the board of directors 
at AMP, a professional society that signed the 
ACLU letter. In the Myriad case, AMP chal- 
lenged broad patents on two human genes 
held by the diagnostic company Myriad Ge- 
netics of Salt Lake City, which claimed ex- 
clusive rights to tests for cancer-associated 
mutations in those genes. 

The proposal probably wouldn’t revive the 
fight over the ownership of single human 
genes—and that “was never the intent” of 
the effort, Tillis told Science. 
Arti Rai, a patent law expert 
at Duke University in Dur- 


research and hinder patients’ result in a ham, North Carolina, notes 
access to diagnostic tests. If 7 that because researchers have 
it became law, the proposal quagmir e of already published extensive 
“would result in a quag- patent claims eee descriptions of the human ge- 


mire of patent claims and 
legal impediments to the 
normal scientific exchange,” 
said Harold Varmus, a can- 
cer biologist at Weill Cornell Medicine in 
New York City and former director of the 
National Institutes of Health. 

The bill’s Senate co-sponsors, Thom Tillis 
(R-NC) and Chris Coons (D-DE), say it will 
reduce frustration and confusion created by 
recent Supreme Court decisions. One, the 
landmark 2013 ruling in Association for Mo- 
lecular Pathology (AMP) v. Myriad Genetics, 
established that human genes cannot be 
patented. Another, a 2012 decision in Mayo 
Collaborative Services v. Prometheus Labo- 
ratories, invalidated a patent on adjusting 
drug dosage based on levels of metabolites 
in a patient’s blood because it relied on a 
“law of nature.” 

Critics say these rulings have caused in- 
vestors to move their money to nations with 
stronger patent protections. The Myriad de- 
cision led to “a dead stop in research in the 
United States on isolated natural products,” 
said attorney Sherry Knowles of Knowles 
Intellectual Property Strategies in Atlanta 
at the 4 June hearing. The bill would simply 
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Harold Varmus, 
Weill Cornell Medicine 


nome, many claims to specific 
genes would no longer be con- 
sidered “novel, as U.S. patent 
law requires. 

But the bill could help developers of newer 
genetic technologies win and protect patents. 

By overturning the Mayo decision, the 
bill would allow patent claims on the func- 
tion of specific genetic variants, Klein says. 
For example, a company could patent a 
test that uses a specific mutation to predict 
whether a person will respond to a drug. 
He fears allowing such patents would 
make it “extraordinarily difficult ... to put 
[that information] to use in patient care.” 

The bill would also allow patents on poly- 
genic risk scores, the complex analyses of 
many genes to estimate disease risk. And 
it could make newly discovered genes from 
nonhuman species patent eligible. Coons 
and Tillis believe language in the bill stipu- 
lating what makes an invention sufficiently 
“useful” to be patentable would keep natu- 
rally occurring genes and pure laws of nature 
off limits. But, Tillis says, “If we get sufficient 
input from legal scholars and others that we 
may not be clear on that, then we’ll draft lan- 
guage that makes it very clear.” 
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Mountain high: oldest clear signs of pot use 


THC levels in braziers show psychoactive marijuana use along ancient Silk Road 


By Andrew Lawler 


oday, more than 150 million people 
regularly smoke cannabis, making it 
one of the world’s most popular rec- 
reational drugs. But when and where 
humans began to appreciate the 
psychoactive properties of weed has 
been more a matter of speculation than sci- 
ence. Now, a team led by archaeologists Yang 
Yimin and Ren Meng of the Chinese Academy 
of Sciences in Beijing reports clear physical 
evidence that mourners burned cannabis for 
its intoxicating fumes on a remote mountain 
plateau in Central Asia some 2500 years ago. 
The study, published this week in Science 
Advances, relies on new techniques that en- 
able researchers to identify the chemical 
signature of the plant and even evaluate its 
potency. “We are in the midst of a really 
exciting period,” says team member Nicole 
Boivin of the Max Planck Institute for the 
Science of Human History (MPI-SHH) in 
Jena, Germany. The paper is part of a wider 
effort to track how the drug spread along 
the nascent Silk Road, on its way to becom- 
ing the global intoxicant it is today. 
Cannabis, also known as hemp or mari- 
juana, evolved about 28 million years ago 
on the eastern Tibetan Plateau, according 
to a pollen study published in May. A close 
relative of the common hop found in beer, 
the plant still grows wild across Central 
Asia. More than 4000 years ago, Chinese 
farmers began to grow it for oil and for fiber 
to make rope, clothing, and paper. 
Pinpointing when people began to take 
advantage of hemp’s psychoactive properties 
has proved tricky. Archaeologists had made 
claims of ritual cannabis burning in Central 
Asian sites as far back as 5000 years ago. But 
new analyses of those plant remains by other 
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Archaeologists have spotted signs of ancient 
cannabis use from western China to the Caucasus. 


teams suggest that early cannabis strains had 
low levels of tetrahydrocannabinol (THC), 
the plant’s most powerful psychoactive com- 
ponent, and so lacked mind-altering prop- 
erties. One academic who works in Central 
Asia said he and colleagues tried to smoke 
and eat wild varieties—but got no buzz. 

The cannabis burned 2500 years ago at 
the Jirzankal cemetery, 3000 meters high in 
the Pamir Mountains in far western China, 
was different. Excavations there have uncov- 
ered skeletons and wooden plates, bowls, 
and Chinese harps, as well as wooden bra- 
ziers that held burning material. All are 
typical of the Sogdians, a people of western 
China and Tajikistan who generally followed 
the Persian faith of Zoroastrianism, which 
later celebrated the mind-expanding proper- 
ties of cannabis in sacred texts. At Jirzankal, 
glass beads typical of Western Asia and silk 
from China confirm the long-distance trade 
for which the Sogdians became famous, and 
isotopic analysis of 34 skeletons showed that 
nearly a third were migrants. Radiocarbon 
analysis put the burials at about 500 B.C.E. 

The wooden braziers were concentrated in 
the more elite tombs. Yang’s and Ren’s team 
ground bits of brazier into powder and ap- 
plied gas chromatography and mass spectro- 
metry to identify chemical compounds left 
behind. They found unusually high levels of 


Ancient people put cannabis leaves 
and hot stones in this brazier, and 
likely inhaled the resulting smoke. 
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THC compared with typical wild cannabis, al- 
though much less than in today’s highly bred 
plants. The cannabis was apparently burned 
in an enclosed space, so mourners almost cer- 
tainly inhaled THC-laced fumes, the authors 
say, making this the earliest solid evidence of 
cannabis use for psychoactive purposes. 

The region’s high altitude could have 
stressed the cannabis, creating plants nat- 
urally high in THC, says co-author Robert 
Spengler, also of MPI-SHH. “It is quite likely 
that people came across cannabis plants at 
higher elevations that were naturally pro- 
ducing higher THC levels,” he says. But hu- 
mans may also have intervened to breed a 
more wicked weed, he adds. 

“The methods are convincing, and the 
data are unambiguous regarding early use 
of cannabis as a psychoactive substance,” 
says Tengwen Long, an environmental sci- 
entist at the University of Nottingham in 
the United Kingdom who has researched 
cannabis origins. But Megan Cifarelli, an art 
historian at Manhattanville College in Pur- 
chase, New York, who has studied ancient 
drug use, notes the aromatic fumes might 
also have had another purpose: to mask the 
smell of a putrefying corpse. 

Yang’s and Ren’s team thinks cannabis 
use was restricted to elites until potent pot 
began to spread across Central Asia through 
the Silk Road linking China with Iran. In 
440 B.C.E., the Greek historian Herodotus 
wrote that the nomadic Scythians, who con- 
trolled vast areas from Siberia to Eastern 
Europe, made tents and heated rocks in or- 
der to inhale hemp vapors that made them 
“shout for joy.” And Andrei Belinski, an 
archaeologist based at the heritage museum 
in Stavropol, Russia, in 2013 began to exca- 
vate a nearby 2400-year-old Scythian tomb 
that held gold vessels bearing residues of 
both opium and cannabis, supporting the 
idea that elites used the drug first. 

Ancient artwork and textual references 
from Syria to China (Science, 20 April 2018, 
p. 249) hint at even earlier cannabis drug 
use, and the new analytical methods could 
soon provide concrete evidence of this, 
says Michael Frachetti, an archaeologist at 
Washington University in St. Louis, Mis- 
souri. But it’s already clear that the ancient 
Silk Road trafficked in more than spices, 
grains, and ideas. “Crops weren’t just about 
food,’ he says. “They were also about mak- 
ing contact with another world.” 
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METEOROLOGY 


Satellites see hurricane winds 
despite military signal tweaks 


Data from CYGNSS satellites could sharpen storm forecasts 


By Paul Voosen 


mission to probe winds deep inside 
hurricanes, where most satellites 
cannot see and few aircraft venture, 
is showing signs of success despite 
an unexpected obstacle linked to ten- 
sions in the Middle East. 

A constellation of eight microsatellites 
has harvested data that—if folded into the 
National Oceanic and Atmospheric Admin- 
istration’s (NOAA’s) weather models—could 
have sharpened forecasts of several recent 
hurricanes, including Michael, a category-5 
storm that hit Florida last year. “We're finally 
getting stuff that really looks useful,’ says 
Frank Marks, who leads hurricane research- 
ers exploring the data at NOAA’s Atlantic 
Oceanographic and Meteorological Labora- 
tory (AOML) in Miami, Florida. But the prog- 
ress was hard-won for scientists on NASA’s 
$157 million Cyclone Global Navigation 
Satellite System (CYGNSS), who discussed 
early results at a meeting last week, just as 
another Atlantic hurricane season kicked off. 

With its flotilla of satellites criss- 
crossing the tropical oceans, CYGNSS can 
see through the thick clouds of cyclones. The 
satellites collect radio signals beamed from 
standard GPS beacons after they bounce off 
the ocean’s surface. The reflections are in- 
fluenced by sea’s roughness, which depends 
on wind speed. But a month after launch in 
December 2016, the team noticed the GPS 
signals were wavering. “We assumed they are 
constant,’ says Christopher Ruf, CYGNSS’s 
principal investigator and an atmospheric 
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scientist at the University of Michigan in Ann 
Arbor. “And they’re not.” 

The U.S. military runs the GPS system, 
and in January 2017, it began to boost the 
radio power on 10 of its GPS satellites as 
they passed over a broad region centered 
on northern Syria. The power boosts, which 
can thwart jamming, have recurred without 
warning, each lasting several hours. “It’s an 
opaque situation, obviously, because it’s a 
classified military situation,” Ruf says. The 
swings don’t interfere with other scientific 
uses of GPS. But they threw off the constel- 
lation’s measurements of high winds by 
5 meters a second or more—the difference be- 
tween a category-2 and category-3 hurricane. 

After 2 years of work, the CYGNSS team has 
compensated by reprogramming its satellites 
on the fly. The satellites carry large antennas 
to catch reflected GPS signals, but they also 
have small antennas that receive direct GPS 
signals, for tracking time and location. The 
team repurposed the small antennas to mea- 
sure the signal strength of the GPS satellites, 
making it possible to correct the wind speed 
measures. “It works,’ Ruf says. “We’ve been 
testing it for a number of months.” 

Even before that fix, the wind data were 
good enough to improve some hurricane fore- 
casts, says Bachir Annane, an atmospheric 
scientist at AOML. In the case of Michael, 
NOAA’ forecast models failed, Annane says: 
They predicted it would track too far west, 
close to Alabama rather than Florida, and 
underestimated its ferocious winds. When 
he reran the models with CYGNSS winds, 
Annane found that the storm’s forecasted 
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early track and its intensity stayed closer to 
reality. The wind data would have improved 
track forecasts for two other recent hurri- 
canes, Harvey and Irma, as well, he says. 

The satellites are also giving scientists a 
view of the winds underlying the Madden- 
Julian oscillation, a large cluster of storms 
that periodically forms in the Indian Ocean 
and marches around the equator, influenc- 
ing global weather (Science, 2 October 2015, 
p. 22). “Seeing under the rain was a big draw 
for us,’ says Eric Maloney, an atmospheric 
scientist at Colorado State University (CSU) 
in Fort Collins, because scientists have long 
debated what fuels the storms. Last week at 
the CYGNSS meeting, Bohar Singh, an atmo- 
spheric scientist who works with Maloney at 
CSU, described evidence from CYGNSS that 
persistent winds boost ocean evaporation un- 
der a 3000-kilometer-wide set of rainstorms, 
sustaining them. That finding could help 
scientists forecast how the storm belt will 
change in a warmer climate, Maloney says. 

After a few tweaks, CYGNSS can now 
look at land, too. Its antennas are capturing 
signs of soil moisture, says Clara Chew, a re- 
mote sensing hydrologist at the University 
Corporation for Atmospheric Research in 
Boulder, Colorado. Although not as capable 
as a single dedicated satellite, CYGNSS’s 
multiple satellites make more frequent 
measurements, which could help it moni- 
tor flood risks and track how different soils 
retain rain. “You can start to quantify how 
long the soil remembers,” Chew says. 

NOAA scientists hope the new GPS fix 
will unleash the microsatellites’ full poten- 
tial for looking into storms, perhaps reveal- 
ing new insights into why some hurricanes 
suddenly intensify. NOAA isn’t likely to 
start using the CYGNSS data in its routine 
forecasts, Marks says. The satellites don’t 
belong to the weather agency, and they are 
unlikely to last more than 7 years before fail- 
ing. But he thinks their success against the 
odds could help persuade NOAA to launch 
its own wind-monitoring constellation. 
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X-ray telescope keeps Russia's 


space science hopes alive 


Spektr-RG, designed to study the effect of mysterious dark 
energy on galaxies, will be nation’s only space observatory 


By Daniel Clery 


ussia’s beleaguered space science pro- 

gram is hoping for a rare triumph 

this month. Spektr-RG, an x-ray sat- 

ellite to be launched on 21 June from 

Kazakhstan, aims to map all of the 

estimated 100,000 galaxy clusters 
that can be seen across the universe. Con- 
taining as many as 1000 galaxies and the 
mass of 1 million billion suns, the clusters 
are the largest structures bound by grav- 
ity in the universe. Surveying them should 
shed light on the evolution of the universe 
and the nature of the dark energy that is 
accelerating its expansion. 

First proposed more than 30 years ago 
as part of a Soviet plan for a series of am- 
bitious “great observatories” along the 
lines of NASA’s Hubble Space Telescope, 
Spektr-RG fell victim to cost cutting in 
cash-strapped, post-Soviet Russia. But 
the roughly €500 million satellite, which 
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will carry German and Russian x-ray tele- 
scopes, was reborn early last decade with a 
new mission. Its original goal was to scan 
the sky for interesting x-ray sources, such 
as supermassive black holes gorging on in- 
falling material; now, by mapping galaxy 
clusters, it would find out what makes the 
universe tick. The new goal meant further 
delays. “There have been many ups and 
downs,” says Peter Predehl, leader of the 
team at the Max Planck Institute for Extra- 
terrestrial Physics (MPE) in Garching, Ger- 
many, that built one of the satellite’s two 
telescopes. “Whenever we thought we were 
out of the woods, a new one came along.” 
Spektr-RG was born in the late 1980s. 
Glasnost was encouraging Soviet research- 
ers to collaborate with Western colleagues, 
and studies of SN 1987A, the nearest super- 
nova in modern times, had demonstrated 
the power of x-rays for tracing such vio- 
lent events. Rashid Sunyaev of Moscow’s 
Space Research Institute (IKI) proposed an 


Published by AAAS 


A German survey instrument on Spektr-RG contains 
seven x-ray telescopes, each with 54 nested mirrors. 


x-ray observatory to orbit above Earth’s at- 
mosphere, which blocks x-rays. The 6-ton 
mission soon bristled with five telescopes 
and involved 20 institutes in 12 countries, 
including the United States. But after the 
collapse of the Soviet Union, Roscosmos, 
Russia’s space agency, struggled to keep 
its Mir space station aloft and contribute 
to the growing International Space Sta- 
tion (ISS). “They told us the spacecraft was 
too large for Russia, too ambitious,” says 
Sunyaev, now at the Max Planck Institute 
for Astrophysics in Garching. “It just died.” 

Resurrection began in 2003 with plans 
for a smaller mission that would carry a 
U.K.-built all-sky x-ray monitor and MPE’s 
x-ray survey telescope, called ROSITA— 
which had been destined for the ISS but 
was grounded by the Challenger space shut- 
tle disaster. The new impetus was cosmo- 
logy. Studies of distant supernovae in the 
1990s had revealed that the expansion of 
the universe is accelerating. Researchers 
wanted to know more about dark energy, 
the mysterious force that was causing it, 
and whether it varied in space or over 
time. Galaxy clusters are among the best 
indicators, says x-ray astronomer Andrew 
Fabian of the Institute of Astronomy (IoA) 
in Cambridge, U.K. “Clusters are the most 
massive objects in the universe, the pinna- 
cle of galaxy formation, and are very sensi- 
tive to cosmological models.” 

They are best seen in x-rays because the 
gaps between galaxies are filled with gas that 
is heated to millions of degrees as the galaxies 
jostle together in a cluster. By mapping the 
clusters, Spektr-RG “will study the evolution 
of the structure of the universe,” says Esra 
Bulbul, of the Harvard-Smithsonian Center 
for Astrophysics in Cambridge, Massachu- 
setts, who recently joined the MPE team. 

The challenge was to boost the capa- 
bilities of the existing ROSITA telescope, 
which could only garner up to 10,000 gal- 
axy clusters. Discussions led to a €90 mil- 
lion “extended” eROSITA, paid for by MPE 
and the German Aerospace Center, DLR. 
It is an array of seven identical telescopes 
with five times the effective collecting area 
of the original instrument. Russia and Ger- 
many signed an agreement in 2007 with 
launch penciled in for 2012. 

But mission development was not 
smooth. The U.K. instrument failed to win 
funding and was replaced with a Russian 
telescope that will complement eROSITA 
by detecting scarcer “hard” x-rays. Though 
harder to collect, those higher energy pho- 
tons are particularly useful for seeing the 
supermassive black holes at galactic cen- 
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ters, because they pierce the clouds of gas 
and dust that shroud them. 

Making the mirrors for eROSITA posed 
another challenge. Because x-rays would 
penetrate a flat telescope mirror, focus- 
ing them requires cylindrical mirrors that 
gather the photons in glancing, low-angle 
reflections off inner surfaces. Each of 
eROSITA’s seven scopes contains 54 gold- 
plated cylindrical mirrors, nested inside 
one another, that must be shaped precisely 
to bring the photons to a focus. Making 
them proved so hard that the MPE team 
had to fire its main contractor part way 
through. “It almost killed us,” Predehl says. 

A decision to site the telescope at a sta- 
ble, gravitationally balanced point beyond 
the moon, outside the shelter of Earth’s 
magnetic field, meant electronics had to be 
hardened against solar radiation. Incom- 
patibility between the German and Russian 
electronics delayed the launch, as did prob- 
lems with the spacecraft’s communications 
system and a change in launch rocket. 

Now that Spektr-RG is finally ready, ex- 
pectations are high. “It’s going to be revo- 
lutionary in terms of numbers,” says IoA 
astronomer George Lansbury, taking x-ray 
studies into “the big data regime.” 

It may also be a rare high point for Rus- 
sia’s great observatories program. Previ- 
ously, only one has made it into orbit: 
2011’s Spektr-R, a radio astronomy mission 
that fell short of expectations and could 
not be revived after malfunctioning earlier 
this year (Science, 29 July 2011, p. 512). 

Astronomers may face a long wait 
for Spektr-RG’s_ successors: the  ultra- 
violet telescope Spektr-UV and Spektr-M, a 
millimeter-wave radio telescope. Spektr-UV 
has survived moments of near-death, most 
recently in 2014 when Russia’s annexation 
of Ukraine’s Crimean peninsula caused ma- 
jor Ukrainian partners to withdraw. The 
mission is now slated for a 2025 launch, but, 
Sunyaev says, some collaborators, including 
a German team supplying a spectrograph, 
have dropped out. Spektr-M, which would 
come next, is not yet fully funded, he says. 
And in the meantime, rival telescopes 
launched by other countries may scoop up 
the science the Russian missions aim to do. 

“Russia is doing as much as possible 
with the budget available,” says Spektr-RG 
chief Mikhail Pavlinsky of IKI. He notes 
that Roscosmos’s lean budget, worth $20.5 
billion over 10 years, faces multiple de- 
mands. Russia is building the landing sys- 
tem for the European ExoMars rover, due 
to launch next year, and like other coun- 
tries it hopes to return to the moon, with 
the Luna 25 lander in 2021. For Russia’s 
astrophysicists, Pavlinksy says, “It means 
slow progress.” 
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CLINICAL TRIALS 


Experimental drug holds off 


type I diabetes 


Two weeks of therapy delays disease for average of 2 years 


By Jennifer Couzin-Frankel 


ulminating a 33-year odyssey, scien- 

tists this week reported a milestone 

in type 1 diabetes: evidence that it can 

be held off. At the American Diabetes 

Association meeting in San Francisco, 

California, and in The New England 
Journal of Medicine, researchers reported 
that 2 weeks of an experimental drug de- 
layed disease by an average of about 2 years 
in young people at very high risk. 

“These data are the first to show it is 
possible to prevent the progression of type 
1 diabetes,” says Lucienne Chatenoud at 
Hopital Necker-Enfants Malades in Paris, 
who wasn’t involved in this study. 

Type 1 diabetes is an autoimmune disease 
that requires constant blood sugar monitor- 
ing and can lead to heart disease and kidney 
failure. Years before diagno- 
sis, the sentries of the im- 
mune system, T cells, attack 
6 cells in the pancreas. But 
those insulin-secreting cells 
remain largely intact, offering 
a window for intervening. 

Decades ago, Kevan Herold, 
an endocrinologist now at 
Yale University, turned to an 
antibody drug designed by 
Jeffrey Bluestone, an immunologist now at 
the University of California, San Francisco. 
It shuts down activated T cells by targeting 
a molecule on the cells’ surface called CD3. 
In the 1990s, they and a French team co-led 
by Chatenoud showed that anti-CD3 could 
prevent or reverse diabetes in a mouse 
model. Small clinical trials in newly diag- 
nosed people also looked promising. 

But two large trials in new-onset pa- 
tients proved disappointing. “That was 
devastating,” Bluestone says of the results, 
announced in 2010. Still, he, Herold, and 
others stayed hopeful, believing those trials 
used doses that were too low or included 
participants who didn’t have the auto- 
immune form of diabetes. 

Herold convinced a diabetes clinical tri- 
als network called TrialNet to break new 
ground: Support a study of the drug in peo- 
ple who didn’t yet have diabetes. Starting in 
2011, the trial recruited those with an esti- 
mated 75% chance of getting diabetes in the 
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progression of 
type I diabetes.” 


Lucienne Chatenoud, 
Hépital Necker- 
Enfants Malades 


next 5 years, based on unstable blood sugar 
and antibodies in their blood that indicated 
attacks on the pancreas. 

Forty-four volunteers received teplizumab, 
as the drug Bluestone helped design is now 
called, intravenously every day for 14 days. 
Another 32 got a placebo. The difference 
was stark. In the treatment group, the me- 
dian time to a diabetes diagnosis was just 
over 4 years; in the placebo group, it was 
2 years. Forty-three percent of those who 
got teplizumab developed diabetes after 
5 years versus 72% of controls. Side effects 
were mild and resolved within weeks. 

“To gain 2 years of an insulin-free life 
... that’s significant,’ says Mark Atkinson, 
a pathologist at the University of Florida 
in Gainesville. “You have to think of mom 
or dad having 2 years less of getting up at 
night” to check their child’s blood sugar, he 
says, along with a potentially 
lower risk of complications. 

The big question now is 
what’s next. Carla Greenbaum, 
chair of TrialNet and an en- 
docrinologist at Benaroya 
Research Institute in Seattle, 
Washington, hopes research- 
ers will probe whether other 
immune therapies can also de- 
lay disease. She also wonders 
whether a second dose of teplizumab would 
extend its efficacy. 

Given the striking results, a larger 
placebo-controlled prevention trial of 
teplizumab might be hard to justify. And 
although the volunteers in Herold’s trial all 
had a first-degree relative with diabetes, at 
least 85% of patients don’t—so only wide- 
spread screening would reach everyone 
at risk. “Will the public even participate?” 
Atkinson wonders. 

Still, Herold hopes his study marks a 
turning point. As he was finalizing the 
data, he noticed that the trial’s first vol- 
unteer had disappeared. Herold found out 
later that the young man had gotten tepli- 
zumab. “I called him up and said, ‘What’s 
going on?” Herold recalls. Not much, 
the volunteer admitted; he had forgotten 
to stay in touch. “That’s terrific,” Herold 
thought. Forgetting is what someone with 
diabetes can’t do—so for this man, who is 
disease free, it meant everything. 


14 JUNE 2019 « VOL 364 ISSUE 6445 1021 


THE CONFESSION 


A psychologist has shown how police questioning 
can get innocent people to condemn themselves 


By Douglas Starr 


Saul Kassin has studied 
interrogations by observing them 
and simulating them in the lab. 
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t 16, Huwe Burton confessed to 
killing his mother. He was still in 
shock from discovering her body 
when New York City police began 
to interrogate him. After 3 hours 
of being threatened and cajoled, 
he told the police what they 
wanted to hear. He soon recanted, 
knowing he was innocent and 
hoping the justice system would clear him. 

Burton was convicted of second-degree 
murder in 1991 and received a sentence of 
15 years to life. 

After 20 years in prison, he was released 
on parole, but he never could shake the 
stigma of the conviction. Attorneys from 
several organizations worked for more than 
a decade to clear him. They produced facts 
that contradicted the confession and showed 
evidence of prosecutorial misconduct. 
But for the Bronx District Attorney’s Office, 
Burton’s confession outweighed all other 
evidence; after all, who would admit to a 
crime they did not commit? Finally, last 
summer Burton’s attorneys brought in Saul 
Kassin, a psychologist at the John Jay Col- 
lege of Criminal Justice in New York City 
who is one of the world’s lead- 
ing experts on interrogation. 

“T went in prepared to make a 
15-minute presentation, but the 
attorneys started asking some 
really good questions,” Kassin 
says. “Before you knew it, we 
had a discussion that lasted al- 
most 2 1/2 hours.” 

Kassin explained that false confessions 
are not rare: More than a quarter of the 
365 people exonerated in recent decades by 
the nonprofit Innocence Project had con- 
fessed to their alleged crime. Drawing on 
more than 30 years of research, Kassin told 
the legal team how standard interrogation 
techniques combine psychological pressures 
and escape hatches that can easily cause an 
innocent person to confess. He explained 
how young people are particularly vulner- 
able to confessing, especially when stressed, 
tired, or traumatized, as Burton was. 

Kassin’s presentation helped open the pros- 
ecutors’ eyes to the emerging science of in- 
terrogation and false confession. Six months 
later, on 24 January, Judge Steven Barrett of 
the Bronx Supreme Court vacated Burton’s 
3-decade-old conviction, citing such work as 
the basis of his decision. “Having Dr. Kassin 
come in and give a master class on the sci- 
ence of false confessions was a turning point,” 
says Steven Drizin, co-director of the Center 
on Wrongful Convictions at Northwestern 
University in Chicago, Illinois, who led the 
team that pursued Burton’s exoneration. 

Although scores of people have been 
cleared of false confessions since DNA 
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evidence entered U.S. courtrooms, the 
Burton case was the first time someone had 
been exonerated on the basis of the scien- 
tific analysis of interrogation. As such, it 
marks the coming of age of research that 
is profoundly affecting the justice system. 
Confessions are being questioned as never 
before—not just by defense lawyers, but by 
lawmakers and some police departments, 
which are reexamining their approach 
to interrogation. 

Kassin is part of a cadre of scientists who 
have flipped conventional wisdom about 
confessions—and about the perception of 
truth. His cleverly designed experiments 
have probed the psychology that leads to 
false confessions. In more recent work, he 
has shown how a confession, true or not, can 
exert a powerful pull on witnesses and even 
forensic examiners, shaping the entire trial. 

“Saul Kassin is one of the godfathers of 
the innocence movement,’ says Rebecca 
Brown, policy director of the Innocence 
Project in New York City. Drizin has his own 
metaphor: “If there was a Mount Rushmore 
to the study of false confessions, Dr. Kassin’s 
face would be on it.” 


... confessions that look real can 
actually be false, even if they're corroborated 
by informants and forensic science.’ 


Saul Kassin, John Jay College of Criminal Justice 


CONFESSIONS HAVE ALWAYS BEEN the “gold 
standard” indicator of guilt, even though 
some proved spectacularly misleading. For 
example, a man who had admitted to a 
murder in 1819 narrowly escaped hanging 
when his supposed victim was found living 
in New Jersey. The first scientific red flag 
came from Hugo Miinsterberg, a renowned 
Harvard University psychologist, who in 
1908 warned about “untrue confessions ... 
under the spell of overpowering influences.” 
But it took several shocking false confession 
cases in the late 1980s and the introduc- 
tion of DNA evidence to the justice system 
for the extent of wrongful convictions to 
emerge—and with it how often false confes- 
sions played a role. 

Kassin was not surprised, having spent 
years studying police interrogation tech- 
niques. In person he projects a kind of affa- 
ble intensity, with piercing brown eyes and 
a conversational style that lends urgency 
to even a casual chat. Raised in a working- 
class neighborhood of New York City, he got 
his bachelor’s degree at Brooklyn College in 
New York (tuition: $53 per semester) and 
his Ph.D. at the University of Connecticut 
in Storrs, both in psychology. As a postdoc 
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at the University of Kansas in Lawrence, he 
studied how juries make decisions and was 
struck by the power of a confession to prac- 
tically guarantee a guilty verdict. 

He also began to wonder how often those 
confessions were genuine, after he learned 
about the Reid interrogation technique, the 
near-universal method taught to police. Its 
training manual—now in its fifth edition— 
was first published in 1962 by John Reid, 
a former Chicago detective and lie detec- 
tor expert, and Northwestern University 
law professor Fred Inbau. “I was horrified,” 
Kassin says. “It was just like Milgram’s obe- 
dience studies, but worse.” 

Stanley Milgram, a psychologist at Yale 
University and one of Kassin’s heroes, had 
conducted studies in the 1960s in which 
subjects were encouraged to give electric 
shocks to other subjects who were not 
learning their lessons quickly enough. The 
volunteers, who didn’t know the shocks 
they gave were fake, were disturbingly will- 
ing to inflict pain when someone in author- 
ity told them to. 

A Reid interrogation looks different 
at first. It starts with a behavioral assess- 
ment, in which the officer 
asks questions—some irrelevant 
and some _ provocative—while 
watching for signs of deception, 
such as looking away, slouch- 
ing, or crossing the arms. If the 
suspect is thought to be lying, 
the investigator moves on to 
phase two, the formal interro- 
gation. Now, they amp up the questioning— 
repeatedly accusing the suspect, insisting 
on hearing details, and ignoring all denials. 
Meanwhile, the investigator offers sympathy 
and understanding, minimizing the moral 
(but not legal) dimension of the crime and 
easing the path to confession. (Example: 
“This never would have happened if she 
didn’t dress so provocatively.”) 

That phase, with an authority figure ap- 
plying psychological pressure, reminded 
Kassin of Milgram’s infamous experiments. 
But whereas Milgram got someone to 
“harm” another person, the Reid technique 
gets people to harm themselves by admitting 
guilt. Kassin suspected that the pressure 
might sometimes lead to false confessions. 

To find out, he decided in the early 1990s 
to model the Reid technique in the lab, with 
student volunteers. In what Kassin called the 
computer crash paradigm, he had students 
take rapid-fire dictation on computers. He 
warned them that the system had a glitch and 
that hitting the Alt key would trigger a crash. 
That part was a fib: The computers were pro- 
grammed to crash regardless of which keys 
were hit. The experimenter then accused the 
students of hitting the Alt key. 
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At first, none confessed. Then, Kassin 
added variables based on what he and 
other researchers had learned about ac- 
tual police interrogation tactics. Some- 
times, for example, police falsely tell a 
suspect they have witnesses to the crime— 
causing a suspect to doubt their own ver- 
sion of events. (Under U.S. law, police are 
permitted to lie.) In one of the most strik- 
ing examples, Marty Tankleff, a Long Island 
teenager, came to breakfast one morning 
in 1988 to find his parents stabbed on the 
kitchen floor, his mother dying and his fa- 
ther in a coma. Detectives thought Tankleff 
was not sufficiently grief-stricken, so he 
became their prime suspect. After hours 
of getting nowhere, a detective said he had 
called Tankleff’s father at the hospital and 
that the injured man said Tankleff had com- 
mitted the crime. (In truth, his father died 
without regaining consciousness.) Shocked 
beyond reason, Tankleff confessed. He spent 
19 years in prison before the culprits were 
found and he was set free. 

Kassin could never simulate that kind 
of trauma in the lab, but he could set up a 
variation of the computer crash experiment 
in which a confederate claimed to have seen 
the student hit the wrong key. Those stu- 
dents confessed at more than double the 
rate of students paired with witnesses who 
said they hadn’t seen anything. Under some 
circumstances, nearly every student facing 
a false witness confessed. 

Some students ended up believing they 
really had caused the crash, coming up with 
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explanations such as, “I hit the wrong key 
with the side of my hand.” So deeply had 
they internalized their guilt that some re- 
fused to believe Kassin when he told them 
the truth. 

Another detective told Kassin that during 
an interrogation, he didn’t actually lie about 
the evidence in hand, but said he expected 
new, potentially incriminating evidence to 
come in. For example, an interrogator might 
tell a suspect that they were waiting for lab 
results on DNA from the crime scene. You 
might think that doing so would get the in- 
nocent to deny the crime more vehemently 
because they expected the results to absolve 
them. Kassin, however, had interviewed ex- 
onerated men who said the prospect of new 
evidence had a surprising effect. Some con- 
fessed just to get out of the stressful situa- 
tion, figuring that the evidence would later 
clear them. “They think their innocence is 
their ticket out of there,” he says. 

Kassin tested such police “bluffs” in a 
variation of the computer crash experi- 
ment. This time, in addition to accusing the 
students, the experimenter said that all the 
keystrokes had been recorded on the server 
and would soon be examined. The false con- 
fession rate soared. Postexperiment ques- 
tionnaires revealed that many of the bluffed 
students, like the men Kassin had inter- 
viewed, signed a confession to get out of the 
room and assumed they’d later be cleared. 
In that sense, Kassin says, belief in one’s in- 
nocence and faith in the justice system can 
themselves be risk factors. 
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SOCIAL SCIENTISTS WORLDWIDE have re- 
peated variations of the computer crash ex- 
periments, with similar results. But critics 
have questioned Kassin’s findings because 
the “crimes” his subjects were charged with 
could have been simple acts of careless- 
ness, committed unwittingly, and because 
confessing bore no serious consequences. 
Joseph Buckley, president of John E. Reid 
& Associates Inc. in Chicago, the company 
that copyrighted the Reid technique in the 
early 1960s, adds that Kassin’s studies lack 
validity because they were not conducted 
using professional interrogators. Buckley 
says false confessions occur only when in- 
terrogators don’t closely follow procedures. 
In a January report, Buckley said the Reid 
technique isn’t meant to force a confession. 
Instead, he wrote, its goal “is to create an 
environment that makes it easier for a sub- 
ject to tell the truth.” 

Work by other researchers has answered 
some of those criticisms. Social psychologist 
Melissa Russano at Roger Williams Univer- 
sity in Bristol, Rhode Island, designed an 
experiment in which volunteers were asked 
to solve a set of logic problems—some work- 
ing in groups and some alone. The research- 
ers stipulated that under no circumstances 
should anyone assist the students working 
alone. Beforehand, however, a few students 
were coached to become visibly upset. That 
prompted some of their classmates to help, 
in violation of the rules. 

In those experiments, the helpers could 
not have committed the “crime” without 
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knowing, and confessing carried some con- 
sequence because cheating violated the col- 
lege’s honor code. But, just as Kassin found, 
accusatory questioning often provoked false 
confessions. Russano also tested another 
component of standard interrogations—the 
“minimization” technique that lowers the 
emotional barrier to confessing. She and 
colleagues would say things such as, “You 
probably didn’t realize what a big deal this 
was.” That technique increased false confes- 
sion rates by 35%. 

Other researchers, including  Gisli 
Guodjénsson, a former Icelandic detective 
who became an eminent psychologist at 
King’s College London, have shown how 
some individuals are especially susceptible 
to such pressure. Factors such as mental 
impairment, youth, and substance addic- 
tion make people quicker to doubt their 
own memory and, under pressure, to 
confess, Gudjonsson found. Law profes- 
sor Richard Leo of the University of San 
Francisco in California reported that fewer 
than 20% of U.S. suspects invoke their Mi- 
randa rights against self-incrimination, 
perhaps hoping to appear cooperative. 
He and social psychologist Richard Ofshe, 
then at the University of California, Berke- 
ley, also described “persuaded” confessions 
in which a suspect, worn down by hours of 
interrogation, goes into a fugue and begins 
to believe their own guilt. The problem is 
especially pronounced among adolescents 
like Burton, who are both impressionable 
and cowed by authority. 
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Much of the Reid technique involves 
watching for verbal and nonverbal signs 
of deception, something many police in- 
vestigators think they are skilled at doing. 
Kassin put that confidence to the test more 
than a decade ago. He recruited the best li- 
ars he could find—a group of prisoners at a 
Massachusetts penitentiary. For a small fee 
he asked half to tell the truth of their crimes 
on video and the other half to lie, saying 
they had committed someone else’s crime. 
He showed the videos to college students 
and police. Neither group did particularly 
well at truth detection (the average person 
is right about half the time), but the stu- 
dents performed better than the police. Yet 
the police felt more certain about their con- 
clusions. “That’s a bad combination,’ Kassin 
says. “Their training makes them less accu- 
rate and more confident at the same time.” 


APOSTER IN KASSIN’S OFFICE at John Jay Col- 
lege shows 28 faces: men, women, adults, 
adolescents, white, black, Hispanic. “Look 
at how many different types of people there 
are—all of humanity,’ Kassin says. “And 
what they have in common is that they all 
gave false confessions. There’s no one kind 
of person who can give a false confession. It 
can happen to anybody.” 

Kassin has helped many of them. De- 
fense lawyers and human rights organiza- 
tions around the world often call on him to 
analyze confessions or testify about the na- 
ture of interrogation—sometimes as a paid 
consultant or witness, sometimes pro bono. 
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Huwe Burton falsely confessed to killing his mother. 
Nearly 30 years passed before he was exonerated. 


One face on the poster belongs to Amanda 
Knox, the U.S. college student studying in 
Italy who was coerced into confessing to the 
murder of her roommate. Kassin’s reports 
to Italian courts were involved in getting 
her freed. He testified for John Kogut, a 
Long Island man who after an 18-hour in- 
terrogation falsely confessed to raping and 
murdering a 16-year-old girl. DNA evidence 
had won Kogut’s release after he spent 
18 years in prison, but prosecutors retried 
him on the basis of the confession. Kassin’s 
2005 testimony helped exonerate Kogut. 

Then there was Barry Laughman, a man 
with the mental capacity of a 10-year-old, who 
in 1987 confessed to raping and murdering 
an elderly neighbor after police falsely told 
him they found his fingerprints at the scene. 
After his confession, the police disregarded 
all other evidence. Neighbors who offered 
alibis for Laughman were told they must be 
mistaken. His blood was type B, but the only 
blood at the crime scene was type A. So the 
forensic expert proposed a novel theory: that 
bacterial degradation could have changed 
the blood type from B to A. Laughman 
spent 16 years in prison until DNA evidence 
finally cleared him. (Kassin later testified 
when Laughman sued the state.) 

To Kassin, Laughman’s case showed 
that confession doesn’t just trump other 
evidence, but can corrupt it as well. After 
a confession, alibis are recanted, witnesses 
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change stories, police ignore exculpatory 
evidence, and forensic scientists reinterpret 
material. In Huwe Burton’s case, for exam- 
ple, police had caught a neighbor with a his- 
tory of violence driving the dead mother’s 
stolen car, but they did not consider him a 
suspect because Burton had confessed. 

The magnitude of the effect emerged in 
2012, when Kassin and colleagues published 
an analysis of 59 false confession cases from 
the Innocence Project. Forty-nine of those 
also involved other mistakes, such as eye- 
witness errors and mistaken forensics— 


the crime scene sample. To see whether 
knowledge of the arrest caused bias, Dror 
and Hampikian gave the printouts to 17 ex- 
perts unconnected with the case and told 
them nothing about the suspect. Only one 
of them matched the suspect’s DNA to the 
crime sample. Such findings support the 
increasingly popular idea that all forensic 
science should be “blinded’—conducted 
without any knowledge about the suspects. 

Sometimes a confession will override 
even untainted DNA evidence. In the infa- 
mous “Central Park Five” case dramatized in 


“There’s no one kind of person who can give a false confession. It can happen to anybody,” says Saul Kassin, 
who keeps a photo gallery of innocent people convicted after false confessions in his office. 


a far higher proportion than in non- 
confession cases. In 30 of those cases, the 
confession was the first piece of evidence 
collected. In other words, once the police 
had a confession, all the other evidence 
lined up to support it. That has an ironic 
effect: Even when confessions have turned 
out to be false, appeals courts have ruled 
that the other evidence is strong enough to 
support the conviction, Kassin says. “The 
courts completely missed out that the other 
evidence was corrupted.” 

Other groups have shown experimen- 
tally how a narrative can shape forensic 
evidence. One dramatic example came in 
2011, when U.K. psychologist Itiel Dror and 
U.S. DNA expert Greg Hampikian tested 
the people you would least expect to be af- 
fected by bias—DNA specialists. Dror and 
Hampikian obtained the printed DNA re- 
sults from a rape case in which a man was 
found guilty. The original genetic analysts 
had been told that police had a suspect in 
custody; the forensic experts then deter- 
mined that the suspect’s DNA was part of 
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a new Netflix series, five teenagers in 1989 
confessed after hours of interrogation to 
brutally beating and raping a female jogger 
in New York City. They quickly recanted, and 
none of the DNA recovered from the victim 
was theirs. Yet two juries convicted them af- 
ter the prosecutor explained away the con- 
tradiction. She came up with a theory that 
a sixth unidentified accomplice had also 
raped the victim and was the only person 
to ejaculate. (The “unindicted co-ejaculator” 
theory has been used in other wrongful con- 
victions as well.) Thirteen years later, the 
man whose DNA matched the sample—a 
convicted serial rapist and murderer serving 
a life sentence—confessed that he alone had 
committed the crime. 

How could such an injustice occur? 
Kassin published a study in 2016 in which 
he simulated the situation with mock jury 
experiments. When presented with a sim- 
ple choice between a confession and DNA, 
people would choose DNA. But if the pros- 
ecutor offered a theory as to why the DNA 
contradicted the confession, the juries over- 
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whelmingly sided with the confession—an 
insight, he says, into the power of story to 
influence judgment. 


CHANGE IS COMING. By 2010, the evidence 
about how interrogations can go wrong had 
become so compelling that Kassin and sev- 
eral colleagues from the United States and 
United Kingdom wrote an American Psycho- 
logical Association white paper warning 
about the risk of coercion. They suggested 
several reforms, such as prohibiting ly- 
ing by police, limiting interrogation time, 
recording all interrogations from start to 
finish, and eliminating the use of minimi- 
zation. They also said the practice of seek- 
ing confessions was so inherently damaging 
that it might be necessary to “completely re- 
conceptualize” the tactic and come up with 
something new. 

One model comes from England, where 
police did away with their Reid-style inter- 
rogation system in the early 1990s after 
several false conviction scandals. Police 
there now use a system designed to iden- 
tify deception based not on visible signs of 
emotional stress, but on “cognitive load,” 
which can lead liars to stumble as they try 
to keep their stories straight. English police 
conduct the kind of open-ended interviews 
that journalists might use and are encour- 
aged not to go after confessions. Several 
other countries including New Zealand 
and Australia, along with parts of Canada, 
have adopted the new method. They also 
record the entire interrogation to make 
the process transparent, something that 
25 U.S. states have also adopted. 

Two years ago, one of the _ largest 
US. interrogation trainers, Chicago-based 
Wicklander-Zulawski & Associates Inc., 
stopped teaching accusatory interviews and 
embraced the nonconfrontational methods 
Kassin and his colleagues advocate. The 
company was influenced by the prolifera- 
tion of research and a desire to minimize 
false confessions, says Dave Thompson, vice 
president of operations. “We realized there’s 
a better way to talk to people today than the 
way we talked to people 20 or 30 years ago.” 

Kassin sees progress, too. In March, he 
spoke to a group that until recently might 
have been hostile to his message: 40 district 
attorneys from around the country who 
want to learn to avoid wrongful convictions. 
“My point with them was that they are go- 
ing to be fooled—that confessions that look 
real can actually be false, even if they’re cor- 
roborated by informants and forensic sci- 
ence,” he says. “I wanted to let them know 
that alarm bells should go off when they see 
a confession case.” 


Douglas Starr is a journalist in Boston. 
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The origin of Saturn’s rings and moons 


Cassini data constrain the age and history of the giant planet’s rings 


By Shigeru Ida 


aturn’s rings consist of vast numbers of 
small icy particles that frequently col- 
lide with each other. Within Saturn’s 
Roche limit (that is, closer to Saturn’s 
center than twice Saturn’s physical 
radius R,), the icy particles disperse 
and form rings, whereas outside the Roche 
limit, they grow through pairwise collisions 
to form moons. The formation of Saturn’s 
rings and moons should thus be closely re- 
lated. On pages 1054, 1053, and 1052 of this 
issue, respectively, Tiscareno et al. (1), Buratti 
et al. (2), and Iess et al. (3) report results from 
the Cassini mission’s ring-grazing orbit and 
Grand Finale observations, which reveal the 
detailed structure of the rings and associated 
moons. The results strongly suggest that Sat- 
urn’s rings are much younger than Saturn it- 
self and provide important clues to the origin 
of the rings and moons. 
Saturn has a total of eight mid-size and 
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large moons (diameters greater than 200 
km), which orbit the planet in coplanar and 
circular orbits. The diameters of the mid-size 
moons, from Mimas to Rhea, increase mono- 
tonically from 400 km to 1500 km (see the 
figure). Titan, the largest satellite with a di- 
ameter of 5150 km, has a separate orbit from 
the inner moons at r = 20R,. On the other 
hand, small, irregular-shaped moons such as 
Pandora, Prometheus, and Epimetheus (ring 
moons with diameters of 10 to 100 km, see 
the images) exist in the outermost part of the 
rings near the Roche limit. Estimated bulk 
densities show that the large moons have a 
range of different rock-to-ice ratios, whereas 
the ring particles are mostly composed of wa- 
ter ice. 

Two main models have been proposed 
to explain the formation of Saturn’s moons 
(see the figure). They may have accreted ei- 
ther from small, kilometer-sized bodies in 
a circumplanetary gas disk (model 1) (4, 5) 
or from icy particles that diffused out from 
a massive ring (model 2) (6, 7). According to 
another recent model, they may have reac- 
creted from debris generated by collisions 
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between first-generation moons that formed 
by either of the two main models (8). 

Saturn formed through accretion of H/He 
gas from the solar nebula onto a rock/ice 
core. During accretion, a gas disk is likely to 
have formed around Saturn through which 
gas flowed onto Saturn’s surface. In the disk, 
icy and rocky grains condensed. Model 1 
assumes that the grains accumulated into 
kilometer-sized bodies, which occasionally 
collided with each other to form moons in 
the disk. Some moons could migrate through 
interaction with the gas disk into the interior 
of the Roche limit. Because the density dif- 
ference between ice and rock means that the 
Roche limit radius is larger by ~40% for ice 
than for rock, the icy mantle of the migrating 
moon(s) may have been stripped first, provid- 
ing icy particles for the rings (9). Numerical 
simulations of model 1 have been able to re- 
produce both Titan and the rings (5, 9), but 
not the inner moons. 

On the other hand, a compilation of cen- 
tury-long ground observations and Cassini 
data has shown that Saturn’s tidal torque is 
causing the inner moons’ orbits to expand 
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Data from the Cassini mission (1-3) suggest that 
Saturn's rings and small moons, such as Pandora and 
Prometheus, formed in the past two billion years. 


rapidly (J0). The results require the inner mid- 
size moons—Mimas, Enceladus, Tethys, and 
Dione—to have formed no more than ~1 to 2 
billion years before the present. This is a chal- 
lenge for model 1, which assumes that both 
the rings and the moons formed at the time 
of Saturn’s formation, 4.5 billion years ago. It 
is possible, however, that Saturn’s tidal torque 
was weaker in the past, consistent with for- 
mation of the rings and moons at 4.5 billion 
years (11). The latest observations from the 
Cassini mission provide further constraints 
on when the rings and moons formed. 

On the basis of precise gravity measure- 
ments, Iess et al. estimate the mass of the 
rings as ~0.4 times the mass of the moon Mi- 
mas. This value is consistent with a theoreti- 
cal prediction based on radial diffusion of the 
ring (12). Suppose that the ring was initially 
massive. In the massive ring, gravitational in- 
teractions among the ring particles may cre- 
ate a density wake structure; the wakes cause 
rapid radial diffusion of the ring and the 
ring mass decreases with time. Because the 
wakes become weak as the mass decreases, 
the diffusion slows down, which means that 
the ring mass must have been similar to its 
current small mass for most of its history. 
Close-up observations of the ring reported by 
Tiscareno et al. show a hint of the wakes, but 
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Formation models for Saturn’s rings and moons 
Two main models have been proposed to explain the formation of Saturn's rings and moons. Data from 
the Cassini mission (1-3) suggest that the rings formed recently, providing support for model 2. 
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acircumplanetary disk. Its rings formed 
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Model 2 The rings formed following 
disruption of a Kuiper Belt object 
between 1 and 2 billion years ago. 
Mimas, Enceladus, Tethys, and Dione 


4.5 billion years ago. 


no definitive evidence. They found that vis- 
ible fine structures in the ring are dominated 
by particle properties (such as regolith char- 
acter, bulk porosity, and particle size distribu- 
tions), rather than by the density of the ring 
particle distribution. More detailed analysis 
of the complex ring structure is needed to 
constrain the ring evolution. 

If the diffusion due to the wakes is respon- 
sible for the ring evolution, the overall mass 
of the current ring does not constrain the 
formation time and initial mass of the ring. 
Cassini in situ measurements of the inter- 
planetary dust flux over 10 years show that 
the properties of the light reflected by the 
rings are not consistent with interplanetary 
dust contamination for as long as 4.5 billion 
years. less et al. suggest that to be consistent 
with the observed clean rings, the rings must 
be as young as ~10 to 100 million years. Bu- 
ratti et al. argue that ice particles and water 
vapor from geysers on Enceladus accrete on 
the ring moons and probably also the ring 
particles, hiding past contamination and 
making them appear younger than they are. 
Nonetheless, the Cassini observations sug- 
gest that the rings are comparatively young. 

Young rings are more consistent with 
model 2, provided that the rings are older 
than the mid-sized moons. Whereas the cir- 
cumplanetary disk in model 1 existed only 
during Saturn’s formation, the massive ring 
in model 2 can be formed any time by tidal 
disruption of a Kuiper Belt object that coin- 
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migrated out from this ring. 


Saturn 


cidentally entered the interior of the Roche 
limit, although the probability of such an en- 
counter would decrease with time (73). 

In model 2, if the impacting object has a 
rocky core and an icy outer layer, its icy layer 
would have been selectively stripped (1/4). 
Precession due to Saturn’s ellipticity would 
have resulted in the formation of a debris 
torus, and collisions between the debris par- 
ticles would have ground down the icy debris 
particles, eventually resulting in the forma- 
tion of a geometrically thin ring in Saturn’s 
equatorial plane through collision damp- 
ing (/4). Because the Roche limit for rock is 
smaller than that for ice, rocky chunks can 
survive in the rings. The rocky chunks can 
then accrete icy particles, consistent with the 
detailed structure of ring moons reported by 
Buratti et al. These ring moons eventually 
diffuse out from the Roche limit and grow 
through mutual collisions to form mid-size 
moons (7). The moons’ orbits expand as a re- 
sult of Saturn’s tidal torque. 

Model 2 cannot fully explain the orbital 
configurations of the mid-size moons. Ac- 
cording to orbital simulations, Tethys and 
Dione should have become trapped in an 
orbital configuration where the ratio of their 
orbital periods was 2:1 or 3:2 (called a 2:1 or 
3:2 resonance) during the tidal orbital expan- 
sion to their current orbits (see the figure), 
but this is inconsistent with their current or- 
bits (15). To avoid the trapping, Cuk et ail. (8) 
proposed that the orbits of tidally expanding 


14 JUNE 2019 * VOL 364 ISSUE 6445 1029 


INSIGHTS | PERSPECTIVES 


moons became unstable, resulting in mutual 
collisions that caused them to disintegrate, 
and that the current moons reaccreted ~1 
billion years ago. This could also account for 
the high crater density on Mimas’s surface, 
even if Mimas is young. Another possibil- 
ity to avoid the trapping is the temporary 
excitation of orbital eccentricity through 
gravitational perturbations from the original 
massive ring. The effect of exciting the ec- 
centricity of Enceladus’s orbit is to avoid the 
Dione/Tethys trapping (15). 

Another problem for model 2 is the low 
probability of an encounter with a Kuiper 
Belt object less than 2 billion years ago. 
Such an encounter would have been very 


Asmall object, called Peggy, could be a new moon 
forming on the edge of Saturn’s A-ring. 


rare except during the Solar System forma- 
tion stage at ~4.5 billion years ago and the 
Late Heavy Bombardment era at ~4 billion 
years ago (13). Detailed astronomical obser- 
vations from the Gaia spacecraft have started 
to identify past close encounters between the 
Solar System and other stars in the Milky 
Way galaxy; these data will help to constrain 
the frequency of encounters between Saturn 
and Kuiper Belt objects. A clear answer to the 
long-standing question of when and how Sat- 
urn’s rings formed has not yet been obtained, 
but the Cassini data provide important pieces 
of the puzzle. 
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Gut microbes metabolize 


Parkinson’s disease drug 


A gut bacterial pathway that degrades the drug levodopa 
is identified and can be inhibited 


By Cora O'Neill?" 


he trillions of microorganisms that 

form the gut microbiota contain a 

treasure trove of enzymes. These di- 

rectly modify and metabolize dietary 

components, drugs, and toxins that 

humans ingest. Although this is often 
beneficial, the gut microbiota can modify 
drug bioavailability and efficacy (1, 2). Le- 
vodopa (L-dopa), the major drug treatment 
for Parkinson’s disease, displays highly vari- 
able and interindividual responses with re- 
duced efficacy over time. On page 1055 of 
this issue, Maini Rekdal et al. (3) identify a 
two-step gut microbial enzymatic pathway 
that degrades L-dopa to dopamine and then 
to m-tyramine, thus potentially limiting 
drug availability in patients. Moreover, they 
identify a small molecule that blocks this L- 
dopa-metabolizing bacterial pathway, with 
the aim of increasing L-dopa availability in 
Parkinson’s disease patients. 

Globally, 10 million people are living with 
Parkinson’s disease, and L-dopa has been the 
primary treatment for over 50 years (4). Do- 
pamine becomes progressively depleted in 
the brains of Parkinson’s disease patients, 
causing motor impairment, including tremor, 
rigidity, and slowness of movement. L-dopa, 
the precursor of dopamine, is generally taken 
orally. The drug is absorbed in the small in- 
testine, and unlike dopamine, crosses the 
blood-brain barrier into the brain, where 
it is converted to dopamine by decarboxyl- 
ation. Dopamine replacement alleviates the 
motor symptoms of Parkinson’s disease, but 
does not prevent Parkinson’s disease pro- 
gression. L-dopa is prematurely decarboxyl- 
ated to dopamine before it gets to the brain 
(particularly in the gut), and this limits drug 
bioavailability and causes gastrointestinal 
problems (4). Counteracting this effect is 
achieved by coadministration of peripheral 
human decarboxylase inhibitors (4). How- 
ever, L-dopa bioavailability still varies consid- 
erably between patients, and efficacy wanes 
over time, necessitating increased doses with 
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unpredictable fluctuating motor responses 
and adverse side effects (4, 5). 

Gastrointestinal dysfunction, including 
constipation, delayed gastric emptying, and 
small intestine bacterial overgrowth, are key 
components of Parkinson’s disease, and these 
impair L-dopa intestinal absorption and drug 
responses (5). Gut dysfunction occurs before 
motor symptoms and worsens as Parkinson’s 
disease advances. Indeed, an origin of Parkin- 
son’s disease in the gut has been proposed (5, 
6). The gut microbiome is altered in patients 
with Parkinson’s disease (5, 6), and this might 
underlie gut-brain axis pathophysiology (5-7) 
as well as limit L-dopa therapies (5). Remark- 
ably, it has been known since 1971 that gut 
microbes metabolize L-dopa to dopamine 
and m-tyramine in Parkinson’s disease (8), 
but identifying which microbes and enzymes 
are responsible for this two-step pathway re- 
mained to be discovered. 

Maini Rekdal et al. used integrated inter- 
disciplinary approaches to identify the L- 
dopa metabolic pathway. For the first step, 
L-dopa conversion to dopamine, there were 
some clues. Tyrosine decarboxylase, present 
predominantly within the gut bacteria of 
the Enterococcus and Lactobacillus genera 
(9-11), was reported to also decarboxylate do- 
pamine (9, 17). By screening established hu- 
man microbiome datasets, Maini Rekdal et 
al. showed that most tyrosine decarboxylase 
(tdc) genes were present within these gen- 
era, particularly in Enterococcus, consistent 
with other recent findings (12). Moreover, E. 
Jaecalis species were found to be the most 
efficient strains at decarboxylating L-dopa. 
These strains were shown to prefer tyrosine, 
but decarboxylate L-dopa and tyrosine simul- 
taneously and with maximal activity at low 
pH, similar to the acid environment in the 
small intestine where L-dopa is absorbed (3, 
12). Both studies also showed that LE. faecalis 
tdc gene inactivation obliterates L-dopa de- 
carboxylation (3, 12). 

Finding the gut microbial species and 
enzymes that dehydroxylate dopamine to 
m-tyramine (the second step) was more chal- 
lenging because no bacterial species was 
known to have this capability. Maini Rekdal et 
al. used elegant multidisciplinary approaches 
and identified this activity to be specific to 
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Eggerthella lenta species and close relatives 
in Actinobacterial genera. The authors char- 
acterized a distinct dopamine-inducible de- 
hydroxylation enzyme that removes the para 
hydroxyl group of dopamine to produce m-ty- 
ramine. Although all Eg. lenta strains exam- 
ined were dopamine-inducible, less than 50% 
dehydroxylated dopamine. Intriguingly, this 
was due to the presence of a single-nucleo- 
tide polymorphism (SNP) that resulted in an 
Arg®°* to Ser substitution that inactivated the 
enzyme. This highlights an underappreciated 
role for SNPs in gut microbial function, and 
the importance of probing metabolic func- 
tion, rather than assigning similar functions 
to gut bacterial strains. 

What do these findings mean for people 
with Parkinson’s disease? Maini Rekdal et al. 
show that the enzymes that degrade L-dopa 
occur in microbiomes from human stool 
samples and that L-dopa degradation occurs 
with considerable variation in people with 
and without Parkinson’s disease. They show 
that L-dopa degradation can be predicted 
predominantly by microbial tdc gene expres- 
sion and EF. faecalis abundance in stool sam- 
ples, and also by the presence of Arg®” in Eg. 
lenta. Furthermore, recent studies show that 
higher amounts of tdc in stool from Parkin- 
son’s disease patients correlate with increas- 
ing L-dopa dosage and disease duration (12). 

Do human decarboxylase inhibitors, such 
as carbidopa, block the microbial enzymes? 
It has been shown in culture that this is 
not the case (J2), and Maini Rekdal et ail. 
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confirmed this result in Parkinson’s disease 
patient stool samples. To potentially coun- 
teract L-dopa degradation, Maini Rekdal 
et al. identified a small-molecule inhibitor, 
a-fluoromethyltyrosine (AFMT), that specifi- 
cally inhibited microbial L-dopa decarboxyl- 
ase activity, including in Parkinson’s disease 
patient microbiotas. AFMT shows potential 
to block degradation of L-dopa by E. faecalis 
in mice. Moreover, blood plasma L-dopa con- 
centrations were higher in rats when L-dopa 
and carbidopa were coadministered with 
non-L-dopa-metabolizing E. faecalis mu- 
tants compared with active strains (72). To- 
gether, these findings indicate that blocking 
bacterial L-dopa decarboxylase activity in pa- 
tients with Parkinson’s disease, with knowl- 
edge of the abundance of this enzyme in an 
individual, could personalize and potentially 
improve L-dopa therapies. Substantial infor- 
mation is available on the regulation of ty- 
rosine decarboxylase and the tdc operon in 
E. faecalis (10, 13), providing complementary 
avenues to understanding and modulating 
this enzyme’s activity in Parkinson’s disease. 
The identification of specific gut bacteria 
and enzymes involved in drug metabolism, 
such as L-dopa, is a vital, but underexplored, 
research area. An increasing number of drugs 
have been identified to be metabolized by gut 
microbes, enabling their activation, inactiva- 
tion, and sometimes toxicity. In turn, drugs 
can sculpt and regulate gut microbial com- 
position (J, 2). The findings that similar bio- 
chemical pathways occur in the human brain 
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and gut microbes, as shown for L-dopa and 
dopamine, highlight an intricate metabolic 
cross-talk between gut microbiome and hu- 
man brain metabolism. Deciphering the ex- 
tent to which potential alterations in such gut 
microbiota-brain metabolism contributes to 
brain health, the development of Parkinson’s 
disease, and Parkinson’s disease therapeutics 
is an important research avenue. It is now 
crucial to further investigate whether mea- 
suring and inhibiting gut microbial tyrosine 
and L-dopa decarboxylase activity could pre- 
dict and potentially improve L-dopa efficacy 
and treatment outcomes for people with Par- 
kinson’s disease. 
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CONDENSED MATTER PHYSICS 


Catching structural transitions in liquids 


Femtosecond pulse x-ray diffraction reveals structural changes between liquid states 


By Feng Rao’, Wei Zhang’, Evan Ma* 


hase-change random-access memory 

is a key ingredient for nonvolatile 

memory and neuro-inspired comput- 

ing devices (1, 2). It exploits the ability 

of chalcogenide phase-change materi- 

als (PCMs) to rapidly switch between 
logic states “O” (glassy) and “1” (crystalline). 
The “O” state is reached through fast quench- 
ing of the melted PCM (cooling at a rate that 
retains the amorphous atomic arrangement 
in the liquiid). In this process, the diffusivity 
and viscosity change by ~17 orders of mag- 
nitude, the majority of which happens over 
a narrow temperature range (J). What is 
happening inside the cooling liquid to make 
this possible has remained elusive because 
characterization that requires nanoseconds 
of measurement time is intercepted by crys- 
tallization. On page 1062 of this issue, Zalden 
et al. (3) overcame this challenge by using 
femtosecond pulse x-ray diffraction and cap- 
tured a liquid-liquid transition (LLT) in PCM 
liquids during superfast cooling. 

The finding of Zalden et al. has implica- 
tions for better understanding PCM-based 
device operation. Although the “O” state al- 
lows data storage for a very long time at room 
temperature (300 K), it only takes nanosec- 
onds to transform into the “1” state, when 
the glassy solid is heated to above its glass 
transition temperature (T,) (for example, up 
to 700 K). This echoes the drastic jump in the 
dynamics of the supercooled liquid PCM over 
a narrow temperature window. A plausible 
explanation is that there is a LLT with an un- 
derlying structural transformation. 

Zalden et al. used laser pulses (each 50 fs in 
duration) to heat a thin film of a PCM [either 
AgIn-doped Sb,Te (AIST) or Ge,,Sb,.] above 
its melting temperature (7,) and then moni- 
tored the atomic structure with femtosecond 
x-ray diffraction as the PCM was undergoing 
rapid quenching to avoid crystallization. The 
short time interval of the x-ray pulses en- 
sured accurate tracking of atomic structure 
with minimal atomic motion. The radii ratio 
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(R = r,/r,) of the first and second coordina- 
tion shells [which refers to a central atom 
and the nearest atoms around it (first shell) 
and second nearest neighbors (second shell)] 
increased as the liquid quenched, displaying 
an inflection point in the slope of the R curve 
at ~660 and ~610 K for AIST and Ge,,Sb,., re- 
spectively, which is well below the 7. of each 
PCM. The inflection point is referred to as 
T,,, the temperature of a LLT. This structural 
transformation was attributed to oscillations 
in bond length known as Peierls distortion. 
This results in long and short bonds, start- 


with changes in electronic properties (4). 

For AIST, ultrafast differential scanning 
calorimetry (5) and laser-reflectivity mea- 
surements (6) suggested a fragile-to-strong 
liquid transition during cooling. For a 
“strong” liquid (such as silica), its viscosity 
follows Arrhenius behavior, with a nearly 
constant activation energy for viscous flow 
from the ce to T.. For a “fragile” liquid (such 
as o-terphenyl), the apparent activation en- 
ergy is rather high (near the T i, but decreases 
as the temperature increases (7). A fragile-to- 
strong liquid crossover could explain the high 


Phase-change memory 

Amemory device can use a phase-change material 
(such as Ge;;Sbgs) to switch quickly between 
logic states “1” (crystalline) and “O" (amorphous). 
These states are programmed through reversible 
phase transformation. 


Heater 


Word and 


bit lines 
——a Memory cells 
(bits) 
PCRAM chip 


Memory cells (blue, orange) made of phase-change 
material are arranged in a crossbar phase-change 
random access memory (PCRAM) array. 


ing from an octahedral-like atomic environ- 
ment (see the figure). Zalden et al. noted a 
pre-peak in the x-ray scattering spectra when 
approaching 7) ,, indicating periodic correla- 
tions in real space at ~6.0 A. This corresponds 
to twice the typical bond length (~3.0 A) in 
AIST and Ge,,Sb,.. Such periodic character- 
istics are consistent with long-short bonding 
pairs having an ~180° bonding angle. First- 
principles molecular dynamics simulations 
indicate that a pseudo-band gap opens up 
that accompanies the increasing Peierls dis- 
tortion as electrons become more localized 
between atoms. Zalden et al. associate their 
observed pronounced increase in Peierls dis- 
tortion to a LLT, akin to the case in phospho- 
rous in which polymerization causes a LLT 
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Logic state “1” 

‘The crystalline state of 
 Ge,,Sb,, has low electrical 
resistance. 


Sb atom 


Transition from “1— 0” 
The crystalline state is 
first melted into a liquid, 
which transitions into a 
supercooled liquid. 


Peierls distortion sets in. 


Logic state “O” 

The amorphous state 
obtained by quenching has 
high electrical resistance. 


atomic mobility at elevated temperatures for 
fast crystallization and yet sluggish diffusion 
at room temperature for long-term data re- 
tention. Zalden et al. explicitly associated the 
LLT implicated by Peierls distortion with the 
fragile-to-strong liquid crossover. 
Challenging issues remain with regard to 
Peierls distortion as the sole structural ori- 
gin of the fragile-to-strong liquid crossover. 
Although the LLT identified is expected to 
render an increment in the energy barrier for 
viscous flow, the actual escalation in activa- 
tion energy should be assessed to compare 
with the known data (5, 6). Also, it seems 
possible that Peierls distortion can appear 
at a temperature much higher than the tem- 
perature window found for fragile-to-strong 
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crossover (5, 6). If the amplitude of Peierls 
distortion increases gradually, there could 
be additional structural mechanisms that 
set off the much sharper rise of the appar- 
ent activation energy of viscosity-diffusivity 
at the “knee” observed in the Angell plot of 
some PCMs (5, 8). For example, there could 
be structural heterogeneities at or beyond 
medium range that cause dynamical het- 
erogeneities resembling glass-like behavior. 
The role of more flexible long bonds, and the 
possible cross-linking organization into an 
extended network, should be examined. First- 
principles molecular dynamics simulations 
have shown an R parameter less tempera- 
ture dependent than the experimental find- 
ing. One possible reason is the rapid cooling 
rate and the inadequate equilibration time at 
each temperature step in simulations. This 
discrepancy is compounded by a lack of at- 
omistics data on the unconventional dynam- 
ics in supercooled PCM liquids. An in-depth 
understanding may become manageable by 
using the interatomic potentials developed 
with machine-learning methods (9). 
Femtosecond x-ray diffraction and absorp- 
tion spectroscopies can be used to probe 
into liquid states in the already commercial- 
ized Ge,Sb,Te, (8) and the recently designed 
Sc,,Sb,Te, (2) PCMs, in which nucleation, 
rather than growth (as in AIST and Ge,,Sb,.), 
plays a dominant role for nanoseconds opera- 
tion. In general, LLTs appear to occur often, 
in systems from water to PCMs to metallic 
glass-forming liquids (J0). However, LLTs 
are difficult to confirm experimentally—not 
to mention the lack of a systematic under- 
standing as to which material systems exhibit 
them, and when, and why. In all cases, LLTs 
should feature a clear structural indicator. 
The approach of Zalden et al. opens a new av- 
enue for interrogating the complex and swift 
structural changes in highly dynamic liquids. 
This should ultimately aid in optimizing the 
performance of PCM-based devices. 
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MEMBRANES 


Scaling up nanoporous 
graphene membranes 


Practical desalination membranes with nanoporous 
graphene will need new morphologies 


By Baoxia Mi 


uitably engineered graphene-based 

materials could potentially be used to 

make water-separation membranes for 

applications such as desalination. Gra- 

phene-based materials with water-per- 

meable pores can be made by creating 
either nanopores in graphene monolayers 
(see the figure, top) (/, 2) or two-dimensional 
(2D) channels that form between nanosheets 
of graphene oxide (GO) (see the figure, mid- 
dle) (3). Both approaches face challenges for 
scaling to practical membrane sizes on the 
meter scale. The former requires creating a 
high density of subnanometer pores (4) on 
a defect-free monolayer graphene sheet that 
has high out-of-plane mechanical strength 
(5), and materials meeting all these require- 
ments have largely been limited to microme- 
ter-scale lateral dimensions. On page 1057 of 
this issue, Yang et al. (6) report production 
of nanoporous graphene on the centimeter 
scale that can reject between 85 and 97% of 
the salt from saltwater. 

The difference in difficulty of scaling up 
the two approaches can be best appreciated 
by noting that unlike the challenging pro- 
cedures for nanoporous graphene synthesis, 
centimeter-scale stacked GO membranes 
were readily made for initial bench-scale 
studies. Synthesis methods for GO have ex- 
isted for decades, and it can be mass-pro- 
duced through chemical oxidization and 
ultrasonic exfoliation of graphite (7). Thus, 
GO has proven less complicated and more 
economical to scale up. 

The hydroxyl, carboxyl, and epoxide func- 
tional groups on GO can be chemically modi- 
fied to help control the size of the 2D channel 
(the interlayer spacing) and produce mem- 
branes with different separation capabilities 
(3, 8). However, these functional groups also 
create the major problem with the stacked 
GO membrane—swelling in aqueous solu- 
tions (9)—which often results in low salt re- 
jection (fraction of salt removed), typically 
in the range from 30 to 80%. Physical con- 
finement—for example, with a polymer—can 
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increase salt rejection to 97% (10). However, 
this strategy is feasible for centimeter-scale 
GO membranes, but may be more compli- 
cated to achieve in large-scale applications. 
Unlike GO membranes, nanoporous 
monolayer graphene membranes are not in- 
herently tolerant to defects. As the graphene 
membrane area increases, it becomes more 
prone to defects that can create openings 


Toward practical graphene 


membranes 

Combining two competing approaches may allow 
fabrication of meter-scale desalination membranes 
with two-dimensional materials. 


Through the pores 

Salt molecules (both cations and anions) are rejected by 
nanopores in monolayer graphene that pass water. Yang 
et al. report centimeter-scale membranes of this type 
with low defect densities and high salt rejection. 
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Around the stacks 

In graphene oxide membranes, separation is achieved 
by water moving through channels between nanosheets 
faster than salt. Such membranes are prone to 
unwanted swelling. 


Through and around 

Meter-scale nanoporous graphene membranes could 
potentially be made by stacking smaller sheets. This 
approach avoids the difficulty of growing a large 
nanoporous sheet without defects. 
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larger than the required nanopore dimen- 
sion. These defects cause a deterioration in 
separation capability (essentially leakage), 
and their presence is why most previous 
studies could only demonstrate reasonable 
desalination performance with nanoporous 
graphene membranes on a micrometer scale. 
Yang et al. overcome this problem by using 
chemical vapor deposition (CVD) to pro- 
duce centimeter-scale graphene with high 
mechanical strength. Subsequent oxygen 
plasma etching created relatively uniform 
nanopores (diameters in the range of 0.3 to 
1.2 nm), which are likely decorated by oxy- 
genated functional groups. This study brings 
the membrane area to the centimeter scale, 
which is large enough to be tested in a bench- 
scale membrane system. 

Nonetheless, there are many challenges to 
extending this approach to create the meter- 
scale membranes needed for the membrane 
modules used in the desalination industry. 
Although the pore-size distribution is impres- 
sively narrow, it needs to be further narrowed 
to improve the salt rejection to >99% for sea- 
water desalination. Atomistic simulations 
indicate that absolute salt rejection can be 
achieved when the pore diameter is <0.55 nm 
(2). Also, the synthesis technique faces sub- 
stantial challenges to increase the membrane 
area to the meter scale because larger gra- 
phene sheets almost inevitably have larger- 
than-desired pores and more defects. 

Scaling up the membrane area while finely 
controlling the functional groups on nano- 
pore edges poses another challenge. The 
presence of certain functional groups (such 
as hydroxyl groups) decreases salt rejection, 
likely because of the formation of hydrogen 
bonds with ions that lower the free-energy 
barrier for ions to pass through the pores. 
Other functional groups (such as charged 
carboxylate groups) can increase salt rejec- 
tion through charge effects (2). 

A promising strategy for addressing the 
above scaling-up problems would be to 
make stacked nanoporous graphene (SNG) 
membranes from nanosheets in a manner 
similar to the fabrication of GO membranes. 
As a few layers of nanoporous graphene 
sheets are stacked, the functional groups 
on the edge of nanopores will work as spac- 
ers to keep interlayer channels open. Wa- 
ter will not only pass through the in-plane 
nanopores of each layer but also permeate 
through the interlayer channels (see the fig- 
ure, bottom). The SNG membrane should 
have better scalability and performance 
because it combines several advantages of 
the nanoporous monolayer graphene mem- 
brane and the stacked GO membrane. It 
should have higher selectivity because it in- 
tegrates multiple rejection mechanisms, in- 
cluding the gating effect (size exclusion and 


1034 14 JUNE 2019 +» VOL 364 ISSUE 6445 


charge repulsion) of in-plane nanopores, the 
gating effect at the entrance of the 2D chan- 
nel between neighboring porous graphene 
sheets, and the hindered diffusion of ions 
and molecules caused by the narrowness of 
the 2D channel. Stacking multiple layers of 
nanoporous graphene sheets would allow 
the defects and large pores in each individ- 
ual sheet to be shielded by the neighboring 
sheets and minimize the ability of ions and 
molecules to bypass the membrane. 

The SNG membrane would have a slightly 
lower water flux than the nanoporous mono- 
layer graphene membrane (2) because of 
multilayer stacking, but would maintain a 
higher flux than the stacked GO membrane 
(11) because the stacking of porous graphene 
sheets would result in a less tortuous trans- 
port path than that in the stacked GO. The 
SNG membrane would also be less subjected 
to swelling than stacked GO membranes 
and have a less compromised nanostructure 
and performance. It should be much easier 
and cheaper to scale up SNG membranes to 
a meter-scale area by stacking centimeter- 
scale or even smaller nanoporous graphene 
sheets by using widely available coating 
techniques such as layer-by-layer assembly, 
vacuum filtration, and electrospray, rather 
than by synthesizing individual meter-scale 
nanoporous graphene sheets. 

The challenges of scaling up 2D materi- 
als for high-efficiency membrane-based de- 
salination call for in-depth exploration of 
creative ideas. The large family of related 2D 
materials could be used to overcome some of 
the technical problems facing the graphene- 
based membrane technology. For example, a 
2D zeolite nanosheet with uniform pores of 
~0.5 nm oriented normal to the plane could 
be an ideal material for water-salt separa- 
tion. Molybdenum disulfide (MoS,) has 
stronger van der Waals interaction between 
nanosheets and could be used to control the 
swelling of stacked graphene-based mem- 
branes (12) by forming a stacked porous gra- 
phene-MoS, composite structure. 
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MICROBIOLOGY 


A marine 
chemical 
defense 
partnership 


A flavobacterium protects 
a green alga and 
sea slug from predation 


By Samantha Mascuch and Julia Kubanek 


multitude of biotic and abiotic factors 
influence marine ecosystem function. 
On page 1056 of this issue, Zan et al. 
(1) report the molecular basis of a 
tripartite marine symbiosis in which 
bacterial production of a chemical de- 
fense molecule contributes to coral reef com- 
munity structure. This example serves as an 
important reminder of the vital “invisible” 
contributions of microbes to coral reef ecol- 
ogy. Ultimately, microbial determinants of 
ecosystem structure may impact biodiversity 
with implications for coral reef stability in 
the face of environmental perturbations (2). 
The biodiversity of the oceans is evident 
in coral reefs, kelp forests, and salt marshes, 
as well as in the swarming world of micro- 
scopic marine animals and single-celled 
algae found in a drop of seawater. Many 
benefits of marine biodiversity to human 
society are widely recognized, including the 
provision of food, oxygen (through photo- 
synthesis), and new medicines. Increas- 
ingly, the complex interactions that occur 
between members of ecological communi- 
ties are also being explored and appreciated 
for their contributions to biodiversity. 
Symbiotic bacteria can live on marine 
plants and animals or, in the case of endo- 
symbionts, inside their cells and tissues and 
contribute to biological complexity, directly 
supporting their hosts’ survival. Benefits to 
marine hosts from symbiotic bacteria in- 
clude nutrition (provision of carbon-based 
energy sources through photosynthesis or 
chemosynthesis), acquisition of new sen- 
sory modalities (e.g., magnetoreception) 
(3), light production (ie., biolumines- 
cence), and protection against pathogens or 
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predators. Bacteria that protect their hosts 
against natural enemies typically do so by 
producing specialized chemicals, called 
natural products. These are of interest not 
only because of their ecological functions 
but also for their potential medicinal value. 
These bacteria and the chemicals they pro- 
duce are an additional layer of diversity that 
supports ecosystem function. 

Interactions between hosts and _ their 
associated microorganisms (microbiota) 
can take many forms. Some hosts harbor 
complex microbiota consisting 
of numerous microorganisms, 
as observed in the human gut 
and in many, although not all, 
marine sponges. In other hosts, 
including many insect species 
and the green alga Bryopsis sp. 
studied by Zan et al., micro- 
biotas consist of fewer species. 
Paradoxically, these simpler mi- 
crobiotas represent an especially 
promising source of chemical di- 
versity in cases where bacteria 
have become specialized, evolv- 
ing in tandem and becoming 
codependent with their hosts. 


These host-adapted _ bacteria Ho 
synthesize structurally distinct ch. 
natural products, integral to the A 
symbiotic relationship, which 

may not be found elsewhere. Tiesxa thug Eis 


In the early days of marine 
natural products research, it 
was predicted that many me- 
dicinally valuable chemicals 
discovered from marine organ- 
isms, such as sponges and sea squirts, were 
actually of microbial origin, because of their 
structural resemblance to known bacterial 
products. Testing this hypothesis, however, 
has been challenging because laboratory 
cultivation of symbiotic microbes is often 
unsuccessful. With the advent of advanced 
metagenomic and bioinformatic technolo- 
gies, identification of the genetic source of 
marine natural products became possible. 
Now, examples abound of structurally di- 
verse molecules associated with marine 
animals that are definitively known to be 
produced by bacteria (4-12). 

Zan et al. employed an_ integrated 
metagenomic, analytical chemistry, and 
bioinformatic approach to uncover the ori- 
gins of the natural product kahalalide F. 
This cytotoxic chemical is of interest both 
for its defensive ecological role on coral 
reefs and for its medicinal potential; it was 
previously evaluated in phase II clinical tri- 
als as a possible treatment for melanoma, 
hepatocellular carcinoma, non-small cell 
lung cancer, and psoriasis (73). The authors 
discovered that kahalalide F is produced by 


SCIENCE sciencemag.org 


Kahalalide F produced in the 
cells of green alga Bryopsis sp. 
by “Candidatus Endobryopsis 
kahalalidefaciens” deters herbiv- 
orous fishes from eating the alga. 


pimg. 


rufescens acquires 
kahalalide F by feeding on 
Bryopsis sp., which protects 
it from predatory animals. 


a previously unknown Flavobacteriaceae 
endosymbiont (the uncultured “Candida- 
tus Endobryopsis kahalalidefaciens”) of the 
green alga Bryopsis sp. 

On tropical Pacific coral reefs, kahalalide F 
protects Bryopsis sp. from being eaten by 
herbivorous fishes (14, 15) (see the figure). 
Despite the general effectiveness of kaha- 
lalide F as a feeding deterrent, a specialist 
predator of Bryopsis sp., the sea slug Elysia 
rufescens, consumes the alga and sequesters 
the defensive chemical—but does not main- 


Microbial deterrent promotes survival 

In the Hawaiian coral reef system, the marine bacterium “Candidatus 
Endobryopsis kahalalidefaciens” produces the chemical defense molecule 
kahalalide F, which promotes survival of algae and sea slugs. 


Green alga 7 
Bryopsis sp. ;~ v 


tain its bacterial producer—and thereby 
acquires its own protection against preda- 
tion (/, 14, 15). In this way, a single molecule 
moves through the ecosystem, from bacte- 
rium to alga to slug, increasing the survival 
of multiple organisms and contributing to 
the higher-order structure of the reefscape. 

“Ca. E. kahalalidefaciens” resides inside 
algal cells and relies on Bryopsis sp. for 
the metabolic building blocks necessary 
for kahalalide production. In return, “Ca. 
E. kahalalidefaciens” devotes a substantial 
portion of its transcriptional activity to the 
manufacture of these chemicals, which no 
other organism is known to make. Analysis 
of the genome and transcriptome of “Ca. 
E. kahalalidefaciens” by Zan et al. provided 
insight into the origins of chemical diver- 
sity within the kahalalide structural class 
as well as clues about the potential evolu- 
tionary trajectories of distinct biosynthetic 
gene clusters, each of which produces a dif- 
ferent kahalalide structure. 

Multiple biosynthetic pathways for the 
production of structural analogs of kaha- 
lalide F have evolved in “Ca. E. kahalalide- 
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faciens” through genomic duplication, 
divergence, and interpathway exchange. 
Zan et al. propose that differential expres- 
sion of these biosynthetic pathways offers a 
window into the selection processes acting 
on them. The authors therefore inferred a 
hierarchy of likely ecological importance 
among related kahalalides, whereby valu- 
able pathways are highly expressed and 
pathways with lower expression levels are 
predicted to be less important and, in sev- 
eral cases, in the process of being evolu- 
tionarily lost. Accordingly, the 
biosynthetic pathway for the 
most potent chemical defense, 
kahalalide F, was found to be 
the most highly expressed ka- 
halalide pathway. The findings 
permit a new hypothesis to be 
considered for this ecological 
system: That bacterial molecu- 
lar evolution involves continual 
introduction of chemical diver- 
sity and subsequent retention 
of biosynthetic pathways en- 
coding molecules that enhance 
algal (and bacterial) adaptation 
and survival. 

Zan et al. have demonstrated 
that the same symbiotic associa- 
tions that have been character- 
ized in marine invertebrates, 
whereby bacteria produce bio- 
active chemicals, also occur in a 
eukaryotic marine alga. The re- 
duced genome, reliance on host 
primary metabolism, invest- 
ment in secondary metabolism 
(to produce kahalalides), and localization in 
algal cells support the role of the flavobacte- 
rium “Ca. E. kahalalidefaciens” as a Bryop- 
sis sp. endosymbiont, even in the absence of 
its cultivation. Ultimately, the discovery by 
Zan et al. reinforces the foundational roles 
of microbes in marine ecosystems. 
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INSIGHTS 


POLICY FORUM 


INTELLECTUAL PROPERTY 


Science fiction: Fictitious 
experiments in patents 


Prophetic examples may unnecessarily distort understanding 


By Janet Freilich'! and 
Lisa Larrimore Ouellette” 


Ithough it may surprise scientists, 

one can receive a patent in many 

jurisdictions without implementing 

an invention in practice and dem- 

onstrating that it works as expected. 

Instead, inventors applying for pat- 
ents are allowed to include predicted ex- 
perimental methods and results, known as 
prophetic examples, as long as the exam- 
ples are not written in the past tense (J-3). 
Allowing untested inventions to be pat- 
ented may encourage earlier disclosures 
about new ideas and provide earlier cer- 
tainty regarding legal rights—which may 
help small firms acquire financing to bring 
their ideas to market. Yet granting patents 
too early may also discourage research- 
ers from doing the work to bring ideas to 
fruition (4, 5). Even if allowing untested 
inventions to be patented is desirable, we 
think prophetic examples deserve closer 
scrutiny, and clearer labeling, because of 
the likelihood that they are unnecessarily 
confusing—particularly to scientists, many 
of whom read patents but are unlikely to 
appreciate that not all the claims are based 
on actual data. 

The U.S. Patent and Trademark Office 
(USPTO) formally recognized prophetic 
examples in 1981, but the practice is con- 
siderably older. A patent application need 
only contain sufficient information that a 
skilled researcher in the field would rec- 
ognize as credibly demonstrating how to 
make and use the invention (6). Prophetic 
examples are one way to help satisfy this 
legal standard for inventions that have 
not yet been demonstrated to work (2). Al- 
though prophetic examples that are close 
variations on actual experiments are pref- 
erable, many prophetic examples appear 
to be entirely hypothetical predictions. 
Preliminary research suggests that these 
examples are particularly prevalent in 
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chemistry and biology; an estimated 17% 
of examples in U.S. patents in these fields 
are prophetic, and almost one-quarter of 
U.S. patents in these fields have at least 
one prophetic example—making prophetic 
examples a commonplace feature (for ex- 
amples, see the box) (7). 

Because of concerns about awarding 
patents to unproven inventions, prophetic 
examples are viewed with greater skepti- 
cism in Europe (8), Canada (9), Japan (10), 
and China (17). However, because patents 
with the same contents are often filed 
in multiple regions, prophetic examples 
originating in U.S. applications will often 
be present in applications filed in other ju- 
risdictions. Further, because patent offices 
and examiners in those countries com- 
monly read and cite patents from other 
jurisdictions, countries skeptical of pro- 
phetic examples still feel their effects. 


PROPHETIC EXAMPLES MAY BE CONFUSING 
Contrary to the assertions of some patent 
scholars that scientists never read pat- 
ents, survey evidence shows that many re- 
searchers do look to the patent literature 
for general research, to browse informa- 
tion about cutting-edge technologies, and 
to learn how other researchers solved par- 
ticular problems (12). Training on how to 
search patents is even provided in some 
undergraduate science classes (72). But the 
usefulness of patents as a source of techni- 
cal information is diminished if scientific 
readers are unable to distinguish actual 
data from predicted results. 

Although scientists read patents—and 
therefore also read prophetic examples— 
the verb tense rule that distinguishes these 
predicted results from actual data is un- 
likely to be familiar to the average scien- 
tist. Most patent drafters do not seek to 
intentionally mislead readers, but they are 
writing for a legal audience and using con- 
ventions that may be unclear to nonlegal 
readers. Prophetic examples are confusing 
because they mimic real experiments, par- 
ticularly by including excessive detail—for 
example, age of the hypothetical patient (“a 
46-year-old woman..”)—and specific, nu- 
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merical results (“blood pressure is reduced 
within 3 hours...””). Some preliminary work 
suggests that of 100 randomly selected pat- 
ents with only prophetic examples—that is, 
no actual data—that were cited in a scien- 
tific article or book for a specific proposi- 
tion, 99 were not cited in a way that made 
clear that the cited information was pro- 
phetic (7). To the contrary, these prophetic 
patents were cited with phrases such as 
“(djehydration reaction in gas phase has 
been carried out over solid acid catalysts” 
(7), suggesting that prophetic examples 
mislead scientist readers. 

Prophetic examples may also be confus- 
ing to other readers who are unfamiliar 
with the tense rule, such as investors seek- 
ing to accurately evaluate complex technol- 
ogies. Causing further misunderstanding, 
the subtlety of prophetic examples may 
literally be lost in translation for patent 
applications that must be translated into 
different languages because they are filed 
in international jurisdictions. To be sure, 
quantifying the cost of this confusion would 
be challenging, especially because most 
confused scientists, investors, and patent 
examiners are likely unaware of the prob- 
lem. But given the lack of a corresponding 
benefit, there seems to be no reason to per- 
petuate the practice. Nothing in patent law 
requires early-stage ideas to be described in 
a way that might confuse these different au- 
diences by mimicking factual experiments; 
prophetic examples could be signaled more 
clearly or avoided altogether. 


WHY USE PROPHETIC EXPERIMENTS? 
To explore whether benefits for patentees 
from prophetic examples can be obtained 
through less confusing patent-drafting 
methods, we interviewed professional pat- 
ent prosecutors who write U.S. patents. As 
described in the supplementary materials, 
we identified prophetic examples as those 
written in the present or future tense. We 
then contacted a randomly selected sample 
of patent prosecutors in the fields of chem- 
istry and biology who, in patent applica- 
tions filed between 2011 and 2013, either 
never used prophetic examples or used 
prophetic examples in more than half of 
applications filed. We conducted 26 inter- 
views, with a yield rate of 67%. 
Prosecutors who use prophetic examples 
consistently explained that such examples 
make clear how an inventor expects an idea 
to work in scenarios for which there is not 
time or money to test before the desired 
patent filing deadline. Because patents 
can cover all variations of an invention 
described in enough detail for others to 
make and use without undue experimen- 
tation, prophetic examples with predicted 
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results can extend the patent’s legal pro- 
tection. For example, if an inventor has 
made a particular protein in her labora- 
tory but also believes that the protein will 
work similarly if certain amino acids are 
switched, a prosecutor can draft prophetic 
examples with the alternate sequences 
and a prediction of the expected outcome. 
These examples help the inventor obtain 
patent coverage beyond the specifics of 
what has been done in the laboratory, in- 
cluding to block competitors from working 
on similar technologies. 

Interviewed prosecutors generally ac- 
knowledged the possibility that scientists 
reading prophetic examples might be un- 
able to correctly interpret the verb tense 
rule, although they emphasized the legality 
of the practice and their duty to obtain the 
strongest possible patent for their clients. 
They also agreed, however, that an equally 
strong patent could be obtained with 
prophetic examples that were explicitly 
labeled as predictions that had not been 
carried out. Interviewees who do not use 
prophetic examples argued that there is no 
legal reason to present these predictions 
in the form of fictitious experiments with 
specific results rather than in more gen- 
eral terms; to the contrary, prophetic ex- 
amples carry some legal risk, such as if the 
example turns out to be inoperative. Pros- 
ecutors were particularly wary of using 
prophetic examples in patent applications 
that would be filed internationally, given 
the greater skepticism of these examples in 
certain countries. 

The only benefit to patentees that would 
be reduced by requiring greater clarity 
seems to be the benefit that comes from 
confusion. For example, several prosecu- 
tors suggested that prophetic examples 
could illustrate a technology’s promise to 
potential investors, who might not be able 
to distinguish between prophetic examples 
and experiments actually conducted. This 
potential confusion was considered a ben- 
efit to patentees, but this benefit does not 
seem worth preserving. 


MORE CLARITY, LESS CONFUSION 

The benefits flowing from prophetic ex- 
amples exist because some patent systems 
recognize and allow the use of hypothetical 
experiments and data. Within these legal 
systems, prosecutors, patent examiners, 
and courts can already identify prophetic 
examples through the tense rule, so requir- 
ing a more explicit distinction between 
prophetic and nonprophetic examples 
would have no legal impact; prophetic ex- 
amples would continue to be recognized 
and rewarded as such, just with lower risk 
of confusion. 
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Patently Prophetic 


The present tense used in patents 

for a chemical synthesis, a medical 
procedure, and a medical device sug- 
gests that the procedures likely had not 
actually been conducted at the time of 
filing a patent application. 


900 U.S. Patent 

No. 3,931,205 

2.5 g of 2-(5H-[1] 
benzopyrano[2,3-b] 
pyridin-7-yl)acrylic acid 
is dissolved in 20 ml of 0.5 
N aqueous sodium hydroxide solution, 
and 1 g of Raney nickel is added. The 
solution is stirred in a hydrogen stream 
at ordinary pressure and temperature 
until absorption of 230 ml of hydrogen 

is attained. The Raney nickel is removed 
by filtration, and the filtrate is neutral- 
ized with hydrochloric acid. The resulting 
crystalline precipitate is filtered off, 
washed with water, and recrystallized 
from aqueous dioxane to give 1.8 g of 
2-(5H-[1]benzopyrano[2,3-b]pyridin-7-yl) 
propionic acid melting at 183°-184°C. 


U.S. Patent 

No. 6,869,610 

A 46-year-old woman 
presents with pain 
localized at the deltoid 
region due to an arthritic con- 
dition. The muscle is not in spasm, nor 
does it exhibit a hypertonic condition. 
The patient is treated by a bolus injec- 
tion of between about 50 units and 200 
units of intramuscular botulinum toxin 
type A. Within 1 to 7 days after neuro- 
toxin administration the patient's pain is 
substantially alleviated. The duration of 
significant pain alleviation is from about 
2 to about 6 months. 


U.S. Patent 

No. 7,291,497 

Each patch [for 
drawing and sampling 
0.1 ml of blood for 
vancomycin] consists of two 
parts. ... Micro-needles automatically 
draw small quantities of blood pain- 
lessly. A mechanical actuator inserts 
and withdraws the needle ... mak[ing] 
several measurements after the patch 
is applied. ... Needles are produced 
photolithographically in molds at [the 
Stanford Nanofabrication Facility]. ... 
Blood flows through the micro-needles 
into the blood reservoir. ... 
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The impact of clarifying prophetic ex- 
amples would also be felt outside the legal 
systems that allow the practice. Scientists 
previously unable to distinguish or unaware 
of the distinction between prophetic and 
real experiments would gain more informa- 
tion and clarity. Investors using patents as a 
source of information about new technolo- 
gies would find such information clearer 
and more useful. And international patent 
offices wrongly interpreting prophetic ex- 
amples when tenses are lost in translation 
would be able to avoid such errors. 

What should be done? A simple and ef- 
fective solution is to require that prophetic 
examples in new patent applications be 
clearly labeled, perhaps with a heading 
such as “hypothetical experiment” or an 
introductory phrase such as “it is expected 
that these experiments would provide 
these results.” In the United States, for ex- 
ample, this change could be implemented 
by the USPTO along with its other rules for 
patent formatting. The USPTO already re- 
quires that prophetic examples be labeled 
(by avoiding the past tense), so our pro- 
posal does not add a labeling requirement; 
it merely makes an existing requirement 
more effective. Further, patent drafters 
should be encouraged to be mindful of 
clarity and avoid potentially confusing 
phrases and details. 

Just because some patents are not based 
on actual results does not mean they need 
to be confusing. Scientists regularly write 
grant applications in a way that makes 
clear what preliminary data they have al- 
ready acquired and what the expected goal 
of the proposed project is. Perhaps this is 
an area in which the patent system could 
learn from the scientific community. 
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Mind tricks 


Magic and mysticism 
reveal cognitive shortcuts 
with implications 
beyond entertainment 


By Clive Wilkins and Nicola S. Clayton 


ublished to coincide with the Well- 

come Collection’s exhibition “Smoke 

and Mirrors: The Psychology of 
Magic,” The Spectacle of Illusion is 

a delightful and informative roller 
coaster that explores our fascination 

with magic, the paranormal, and the psy- 
chology of cognitive illusions. Author Matt 
Tompkins—who is both a psychologist and a 
magician—makes a detailed analysis of ma- 
gicians and the responses they elicit in un- 
suspecting spectators, with some intriguing 
thoughts about magic, its close alignment 
with the paranormal, and psychologists’ en- 
during fascination with psychical research. 
Jean Eugéne Robert-Houdin, the father 
of modern magic, famously argued that the 
magician is not a performer of juggling tricks 
but an actor playing the role of someone 
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with supernatural powers. The French use 
“magicien” to refer to the supernatural com- 
ponent and “prestidigateur” to describe a ma- 
gician with nimble fingers. This distinction 
obfuscates the fact that what is perceived to 
be magic takes place not in the hands of the 
magician but in the mind of the 
spectator. James Randi astutely 
summarizes, “As a magician, I was 
able to see two things very clearly: 
a) how people can be fooled, and 
b) how they fooled themselves, 
and the second is far more impor- 
tant than the first.” 

The Spectacle of Illusion is laid 
out in a series of acts that explore 
the transformation of magic from 
early mesmeric and spiritualist 


phenomena and master magi- DA.P.,20 
cians to psychical research and 
parapsychological investigators. Although 


a short chapter, the book’s culmination— 
“Act five: The psychology of illusion’—is the 
highlight, providing a coherent analysis of 
how the mind is tricked when asked to see, 
to reason, and to remember. Here, Tompkins 
delves into all the attendant ramifications of 
cognitive roadblocks and biases and explores 
our propensity to believe in more than we 
perceive. 

From a scientific perspective, both magic 
effects and other violations of expectancy ac- 
tivate comparable regions of the prefrontal 
cortex. As such, magic has the potential to 
explore the subjective experience of what we 
see, when we remember, and how we reason. 
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The Spectacle 
of Illusion 
Matthew L. Tompkins 


A floating hand appears to transfix magician Jacoby- 
Harms, an effect created with double exposures. 


Magicians, we learn, discovered a num- 
ber of key features of cognition long before 
they were studied by psychologists. Rich- 
ard Hodgson and Samuel John Davey, for 
example, would not have considered them- 
selves to be experimental psychologists, yet 
their 1887 paper “The Possibilities of mal- 
observation and lapse of memory from a 
practical point of view” (7) described what 
later became known as the “reconstructive 
nature of memory” (2). Likewise, the “prin- 
cess card trick’—first described by Thomas 
Nelson Downs in 1909 (3) and invented by 
magician Henry Hardin—relies on a cogni- 
tive blip, known as “change blindness,” in 
which spectators fail to detect changes to 
a scene when the changes are accompanied 
by visual disruption. This phenomenon was 
not examined in the psychology literature 
until 1997 (4). 

Psychologists have also contributed to 
our understanding of magic. Here, Tomp- 
kins turns to the work of Alfred Binet on the 
psychology of prestidigitation, sometimes 
known as sleight of hand (5). Although best 
known for his work on IQ tests, in the pa- 
per to which Tompkins alludes, Binet dem- 
onstrates that photography can effectively 
destroy the psychological power of a magic 
effect by stripping away the artifice and other 
elements that create some cognitive illusions. 
For this reason, close-up magi- 
cians often request that audiences 
not film their performances. 

The Spectacle of Illusion el- 
egantly interweaves the expertise 
and perspectives of both psycholo- 
gists and magicians to offer a 
powerful account of how metacog- 
nitive paradoxes work through 
illusions of omission and commis- 
sion. There is still much to unpack 
about the nature of human cogni- 


9.224pp. tive processes but no reason to 
believe we won’t do so. As Tomp- 
kins writes, “No psychologist can claim that 


science has been able to fully describe how 
a human mind can construct conscious 
experience. But just because something 
must remain unexplained...does not mean it 
is unexplainable.” & 
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EDUCATION 


Much ado about method 


Past efforts to reshape American science education offer 


lessons for future reformers 


By Christopher J. Phillips 


ompared with reading, writing, and 
arithmetic, science is a relative new- 
comer to the primary and secondary 
school curriculum, emerging only in 
the late 19th century. Nevertheless, 
proponents of the subject have es- 
tablished it as central to what an educated 
person needs to know, not least because of 
the promise of good jobs in scientific fields. 

Even if nearly every school district in the 
United States now treats it as a required 
subject, there has been almost no 
consensus on what science classes 
should entail. Some have claimed 
that the subject should be taught as 
a single methodology, presenting the 
scientific method as a fixed number of 
discrete steps. Others emphasize it as 
a disparate collection of techniques— 
some inductive, others deductive, and 
divided up into specific disciplinary 
approaches. Teachers have disagreed 
on whether it is best taught through 
textbooks or laboratory experiments, 
as a set of conclusions and facts, or 
as a mode of inquiry. Most contempo- 
rary scientists would agree that there 
is no single method for doing science, 
but beyond that, there has not been 
much to agree on. 

John Rudolph’s How We Teach Sci- 
ence traces the different strands and 
debates in American science education 
over the past 130 years. He focuses the 
book on influential thinkers and re- 
formers, from Edwin Hall, John Dewey, 
and G. Stanley Hall in the early years to 
James Bryant Conant, Joseph J. Schwab, and 
F. James Rutherford in the latter. 

Whatever the differences among its pro- 
tagonists, How We Teach Science reveals a 
set of interlocutors conducting what was es- 
sentially a single conversation about science 
education for well over a century. When 
Rutherford set out to reform science edu- 
cation in the 1980s, for example, he did so 
having already worked on Harvard’s Project 
Physics textbooks in the 1960s and citing 
the Conant-era General Education in a Free 
Society from 1945 as a primary influence. In 
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turn, Conant wrote extensively about how 
to “correct” Dewey and Hall’s earlier ideas 
of the nature of science. 

There is also continuity in another sense. 
Rudolph comes down harshly on the fate of 
science education reform, arguing that every 
reform effort has essentially failed. In doing 
so, he echoes the National Science Founda- 
tion’s inquiry in the 1970s, which concluded 
that teachers were expensive to retrain and 
consistently resistant to new pedagogical 
methods; that pupils continued to use text- 
books slavishly, despite reformers’ efforts; 
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that “methods” were seen as fixed steps 
rather than as guides to arriving at reliable 
conclusions, however they were presented; 
and that disciplines were repeatedly reduced 
to sets of facts and truths rather than modes 
of systematic inquiry (7). 

Rudolph’s book centers on a key shift 
that took place in the years after World War 
II, when the teaching of science was trans- 
formed from a practice that was thought of 
as being good for students to one that was 
thought of as being good for science itself. 
Science class was no longer a space for trans- 
forming hearts and minds but one for mass- 
producing researchers, laboratory workers, 
and theorists. 
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How We Teach Science 
What’s Changed, 

and Why It Matters 
John L. Rudolph 
Harvard University Press, 
2019. 316 pp. 


This is historically accurate, although it 
is dependent on an American, post-Civil 
War framing. (Rudolph dodges the claim 
made by Michael S. Teitelbaum and oth- 
ers that warnings of ongoing scientific 
shortages were used as rhetorical cover for 
overproducing scientists in order to lower 
labor costs.) Expanding the picture would 
reveal much older tensions as well as dif- 
ferent contexts in which science might have 
been taught as either transformative of the 
self, useful in its applications, or relevant 
for public engagement. Given the book’s 
emphasis on American schools, Ru- 
dolph’s choice is reasonable, but it 
fails to give the reader a broader sense 
of why learning science has mattered 
across different countries and eras. 

Rudolph also avoids the intersec- 
tion of pedagogy and participation. 
Women, for example, have long been 
explicit targets for science educa- 
tion, whether botany in the 19th cen- 
tury or computing in the 20th, even 
though that has never translated into 
equality among the ranks of profes- 
sional scientists. 

Consistent with his title, Rudolph 
is instead laser focused on the “how” 
of the science classroom—how its 
practice varies across time, how its 
meaning is debated by reformers, 
and how its role in education shifts 
as schools themselves change. And 
for that discussion there is no better 
guide. Rudolph, a professor at Univer- 
by sity of Wisconsin-Madison as well as 
60. a former science teacher and editor 

of Science Education, has previously 
written definitive accounts of both Sputnik- 
era and Progressive-era science reforms. 
How We Teach Science may end on a pes- 
simistic note, given the litany of past fail- 
ures to reform science education, but it 
isn’t a fatalistic book. After all, the task at 
hand—to develop a scientifically informed 
public—is as urgent and important in our 
age of autonomous vehicles and CRISPR as 
it was in the industrial and atomic ages. 
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Inclusive chimpanzee 
conservation 


In their Report “Human impact erodes 
chimpanzee behavioral diversity” (29 
March, p. 1453), H. S. Kiihl et al. find that 
chimpanzees in modified landscapes show 
low behavioral diversity and propose the 
establishment of “chimpanzee cultural 
heritage sites” to safeguard behavioral 
variation. We are concerned that their 
conclusion propagates a view that some 
populations are not worth conserving. 

At sites with highest modification, such 
as agricultural landscapes where people 
and chimpanzees share spaces entirely, 
human activities are driving chimpanzee 
behavioral flexibility and diversification, 
including novel behaviors (J, 2). However, 
extinction risk in these areas is higher 
as a result of population isolation and 
anthropogenic-driven mortality (3). 
Conservationists also have incomplete 
data; not all chimpanzee behaviors in the 
wild are demonstrably socially learned and 
transmitted—and therefore cultural. 

We agree that it is important to protect 
the behavioral diversity of culturally rich 
wildlife (4), but such populations should 
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not always be given blanket priority over 
those living in closer contact with humans. 
We must ensure that apes living across 

the anthropogenic continuum are given a 
fighting chance. 
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Response 


We agree with Hockings and McLennan 
that, ideally, all wild chimpanzee popula- 
tions would be equally protected. We do 
not presume to suggest that culture should 
be the sole basis for chimpanzee conserva- 
tion efforts. Rather, we advocate a more 
integrative approach to conservation in 
which behavioral diversity of populations is 
another variable that can be described and 
quantified and can ultimately contribute to 
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The proximity of chimpanzee populations to human 
activity is just one factor in conservation priorities. 


the protection of wildlife (7). Cultural and 
behavioral diversity should be prioritized 
alongside population size, genetic diversity, 
and demographic viability. 

Hockings and McLennan are correct that 
chimpanzees exhibit remarkable behavioral 
flexibility when living in human-dominated 
landscapes. To take advantage of new forag- 
ing opportunities and increase their chance 
for survival in fragmented and degraded 
habitats, chimpanzees have incorporated 
agricultural crops into their diet (2) and 
nest construction (3), as well as adapted 
their activity patterns to be more nocturnal 
(4). However, such behaviors represent 
evolutionarily novel traits compared with 
the behaviors we investigated, which have 
previously demonstrated cultural (5, 6) or 
population variation [e.g., (7-9)]. Of course, 
larger comparative datasets that include 
chimpanzees living in human-dominated 
landscapes will make possible the study of 
fundamental mechanisms of behavioral and 
cultural diversification. 

We agree with Hockings and McLennan 
that it is difficult to know the true cultural 
repertoire of all chimpanzee communities 
and that, when faced with limited informa- 
tion, we should err on the side of caution 
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when considering conservation actions. 
However, if we want to protect chimpan- 
zee cultural heritage, which is to protect 
historically significant traits originating 
from the past, then we must protect popu- 
lations in pristine, less-disturbed habitats. 
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Romanian carnivores 
at a crossroads 


In October 2016, in an unexpected move, 
the Romanian government provisionally 
suspended the hunting of brown bears 
and wolves, shaking the decades-old 
wildlife management system of regulated 
hunting (J, 2). This decision provided an 
opportunity to reset Romanian wildlife 
management and conservation and to 
implement science-based management. A 
year later, a new management system was 
implemented, allowing only the removal 
of problem animals at the epicenter of 
human-wildlife conflict, based on a case- 
by-case approval process (3). However, 
there is increasing pressure, fueled by a 
politically charged climate and a negative 
campaign focused on wildlife damage, 

to substantially reduce the abundance 

of large carnivores (4, 5). The role of 
scientific evidence is still missing from 
the discussions about protecting Europe’s 
largest large-carnivore populations, which 
is not an uncommon situation for wildlife 
management systems (6). Romania should 
seize this opportunity to enhance the sci- 
entific knowledge about carnivore ecology 
and human-carnivore coexistence (7) and 
enact science-based policy. 

Past management of large carnivores in 
Romania has been based on biologically 
unrealistic data collected through a flawed 
methodology lacking scientific oversight. 
As in other countries, misguided strategies 
have highlighted data gaps and the need 
to infuse science into large-carnivore man- 
agement (8-0). In recent years, Romania 
has been building up the science around 
carnivore population ecology and habitat 
conservation (7, 11, 12), yet nationwide 
data critical for management, such as 
population size or demographic structure, 
are still missing. The absence of reliable 
biological and ecological data makes it 
difficult to prioritize the best management 
and conservation measures to promote 
long-term viability while alleviating 
human-wildlife conflict. 
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Resource managers, hunters, environ- 
mental groups, and citizens should work 
together with Romanian and foreign 
academics to set up a long-term large- 
carnivore research program, which should 
be backed by the Romanian government 
and the European Union. Such a program 
could combine regional initiatives (7) with 
national-level monitoring (4). It could 
address long-term ecological and social 
science questions as well as immedi- 
ate needs for solving human-carnivore 
conflict and enabling science-based policy. 
Transparent science accepted by all par- 
ties could be the catalyst for Romania to 
reconcile its own large-carnivore conser- 
vation strategies. We are at a crossroads. 
Romania can either serve as an example 
of human-carnivore coexistence in the 
European Union or become a cautionary 
tale of politics driving wildlife man- 
agement and miss an opportunity to 
safeguard Europe’s last wild frontier. 
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Comment on “Global pattern of nest 
predation is disrupted by climate change 
in shorebirds” 
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H. River Gates, James A. Johnson, Jan A. 
van Gils, Jannik Hansen, Jean-Francois 
Lamarre, Jennie Rausch, Jesse R. Conklin, 
Joe Liebezeit, Joél Béty, Johannes Lang, 
José A. Alves, Juan Fernandez-Elipe, 
Klaus Michael-Exo, Loic Bollache, 
Marcelo Bertellotti, Marie-Andrée Giroux, 
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Kubelka et al. (Reports, 9 November 2018, 
p. 680) claim that climate change has 
disrupted patterns of nest predation in 
shorebirds. They report that predation rates 
have increased since the 1950s, especially 
in the Arctic. We describe methodological 
problems with their analyses and argue 
that there is no solid statistical support for 
their claims. 


Response to Comment on “Global pattern 
of nest predation is disrupted by climate 
change in shorebirds” 


Vojtéch Kubelka, Miroslav Salek, Pavel 
Tomkovich, Zsolt Végvari, Robert P. 
Freckleton, Tamas Székely 

Bulla et al. dispute our main conclusion 
that the global pattern of nest predation is 
disrupted in shorebirds. We disagree with 
Bulla et al.'s conclusions and contest the 
robustness of their outcomes. We reaffirm 
our results that provide clear evidence that 
nest predation has increased significantly 
in shorebirds, especially in the Arctic. 


Erratum for the Report “Conformationally 
supple glucose monomers enable synthe- 
sis of the smallest cyclodextrins” by D. 
Ikuta et al., Science 364, eaay0378 (2019). 
Published online 17 May 2019; 10.1126/ 
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Erratum for the Report “Protein assemblies 
ejected directly from native membranes 
yield complexes for mass spectrometry” 
by D. S. Chorev et al., Science 364, 
eaax7485 (2019). Published online 26 April 
2019; 10.1126/science.aax7485 
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{These authors formed the core team behind this work. The remaining authors are listed alphabetically according to their first name. 
Kubelka ef¢ a/. (Reports, 9 November 2018, p. 680) claim that climate change has disrupted patterns of 
nest predation in shorebirds. They report that predation rates have increased since the 1950s, especially 


in the Arctic. We describe methodological problems with their analyses and argue that there is no solid 
statistical support for their claims. 
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Climate change affects organisms in a variety of ways (/-4), 
including through changes in interactions between species. 
Kubelka et al. (5) reported that a specific type of trophic 
interaction, namely depredation of shorebird nests, has in- 
creased globally over the past 70 years. The authors state 
that their results are “consistent with climate-induced shifts 
in predator-prey relationships.” They also claim that the 
historical perception of a latitudinal gradient in nest preda- 
tion, with the highest rates in the tropics, “has been recently 
reversed in the Northern Hemisphere, most notably in the 
Arctic.” They conclude that “the Arctic now represents an 
extensive ecological trap for migrating birds, with a predict- 
ed negative impact on their global population dynamics.” 
These conclusions have far-reaching implications for evolu- 
tionary and population ecology, as well as for shorebird 
conservation and related policy decisions (6). Therefore, 
such claims require robust evidence, strongly supported by 
the data. Here, we dispute this evidence. 

First, Kubelka et al. graphically show nonlinear, spatio- 
temporal variation in predation rates (their figure 2, A and 
B, and figure 3) and suggest that in recent years, predation 
has strongly increased in North temperate and especially 
Arctic regions, but less so in other areas. However, they only 
statistically test for linear changes in predation rates over 
time for all regions combined, and for each geographical 
region (their table $2) or period (before and after 2000; 
their table S6) separately. To substantiate their conclusions, 
they should have presented statistical evidence for an inter- 
action between region/latitude and year/period on preda- 
tion rate. Moreover, their analyses control for spatial 
autocorrelation but fail to model non-independence of data 
from the same site (pseudo-replication). 

Using the data of Kubelka et al., we ran a set of mixed- 
effect models, structurally reflecting their results depicted in 
their figure 2, A and B, and figure 3, but including location 
as a random factor (Table 1) (7). These analyses show (i) that 
much of the variation in nest predation rate is explained by 
study site (>60%, compared to species: <5%), implying a 
reduced effective sample size; (ii) that all regions—except 
the South temperate—show similar predation rates; and (iii) 
that nest predation rates increase over time similarly across 
all geographical areas (Fig. 1, A to F). Linear models without 
interaction terms are much better supported than nonlinear 
models with interactions (Table 1), indicating that predation 
rates in the Arctic are not increasing any faster than else- 
where (Fig. 1, B, C, E, and F). Thus, these results provide no 
evidence that the rate at which nest predation increased 
over time varies geographically. 

Second, for the period under study, not only the climate 
has changed, but also the research methods. Hence, it re- 
mains unclear whether nest predation rates have indeed 
increased over time and if so, why. Kubelka et al. used the 
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Mayfield method (8, 9) to calculate daily nest predation 
rates as the number of depredated nests divided by “expo- 
sure” [the total time (in days) all nests were observed]. 
However, 59% of the 237 populations they used lacked in- 
formation on exposure. They circumvented this problem by 
estimating exposure based on the description of nest search 
intensity in the respective studies (J0). The key question is 
when nests were found. Kubelka et al. decided that in 114 
populations, nests were found such that 60% of the nesting 
period (egg laying and incubation combined) was “ob- 
served” (B = 0.6; nests searched once or twice a week). For 
14 populations they used B = 0.9 (nests searched daily or 
found just after laying), and for 11 populations they used B = 
0.5 (assuming nests found midway during the nesting peri- 
od). However, the choice of B value remains subjective (7), 
and for 38% of the 128 populations where Kubelka et al. 
used B > 0.5, we found no information in the reference to 
suggest that this was appropriate. This issue is not trivial, 
because using higher B values (i.e., assuming that nests were 
found earlier than they actually were) overestimates expo- 
sure and hence underestimates nest predation rates. 

The proportion of populations with estimated exposure 
declines over time (7), particularly after 2000 and especially 
in the Arctic (Fig. 1G). The timing of the decline coincides 
with Kubelka et al.’s definition of historic and recent data 
and with the suggested exponential rise of predation in the 
Arctic (their figure 2, A and B, and figure 3, A and B). In- 
deed, the results are sensitive to variation in estimated ex- 
posure during the “historic period” (Fig. 1H). Although 
Kubelka et al. correctly state that the estimated and true 
predation rates are highly correlated [using studies with 
quantitative information on exposure; see supplementary 
materials of (5)], the true rate is typically underestimated 
for the higher B values they used (Fig. 11). Given these is- 
sues, the main result—the apparent increase in daily nest 
predation rate over time, especially in the Arctic—may simp- 
ly be an artifact. To further assess the robustness of the 
change in predation rate over time, we used only popula- 
tions where nest predation rates were calculated on the ba- 
sis of known exposure (N = 98). These analyses reduced the 
effect of year by ~50% (7) and resulted in weak, nonsignifi- 
cant linear trends (Fig. 1, C and F), which suggests that 
there is little evidence for changing predation rates. 

Finally, we note that nest searching effort and frequen- 
cy of nest visits likely increased in recent years as research- 
ers learned how best to obtain accurate estimates of nest 
survival (17-13). Researchers also intensified their activities 
(e.g., capturing adults to band, tag, and collect samples and 
placing monitoring equipment near nests, which may in- 
crease the predation rate) (J4, 15). Thus, an increase in the 
quality of data reporting as well as increased research activ- 
ity around nests may have further induced a time- 
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dependent bias in estimates with an underestimation of 
true predation rates in the historic data (see above), and 
perhaps an overestimation in the contemporary data. 

In summary, reanalysis of the data of Kubelka et al., 
evaluation of the quality and interpretation of the published 
data used, and considerations about changes in research 
methods over the past 70 years lead us to conclude that 
there is no robust evidence for a global disruption of nest 
predation rates due to climate change. We argue that their 
claim that the Arctic has become an ecological trap for 
breeding shorebirds is untenable. 
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Table 1. Comparison of models explaining spatiotemporal variation in daily nest predation rate using the original 
Kubelka ef a/. data. Letters and results in bold refer to panels in Fig. 1; A and D are the models reflecting figures 2A 
and 3A in (5). Each model is fitted with maximum likelihood and controlled for number of nests in a given population 
(In-transformed) and for multiple populations at a given site or for a given species, using site and species as random 
intercepts. Daily predation rate (dependent variable) was In-transformed after adding 0.01 [following (5)]. Predictors 
are Year (mean year of the study), Hemisphere (Northern versus Southern), Latitude (degrees), Geographical Area 
(Arctic, North temperate, North tropics, South tropics, South temperate), and Period [historic (1944-1999) versus 
recent (2O00-2016)]. Models that include Period (instead of Year) are not supported by the data [less likely than the 
best model by factors of 69 to 320, as indicated by the evidence ratio (model weight of the first-ranked model relative 
to that of the given model, i.e., how many times the first-ranked model is more likely than the given model)]. Models 
including the interaction between time and geographical region/latitude do not improve the model fit or are much less 
supported by the data than are models without the interaction. See (7) for model output and analyses of total 
predation rates. Note that we used quadratic or third-order polynomial terms to mimic the relationships depicted in 
Kubelka et al.'s figures (5). Number of parameters denotes number of model parameters without the random effects. 
AAIC is the difference in Akaike information criterion between the first-ranked model (AIC = 349.8) and the given 
model. Model probability refers to Akaike weight (w;), the weight of evidence (probability) that a given model is the 
best-approximating model. 


Model Predictors Number of AAIC Model Evidence 
parameters probability ratio 

Year + Hemisphere + Latitude (absolute) 5 0.00 0.26 1 

E Year + Latitude (3rd polynomial) 6 0.05 0.25 1.02 
Year + Geographical Area 7 0.51 0.2 1.29 

B Year (quadratic) + Geographical Area 8 1.43 0.13 2.04 
Year x Hemisphere x Latitude (absolute) 9 2.74 0.07 3.92 
Year x Latitude (3rd polynomial) 9 2.78 0.06 4.08 
Year x Geographical Area ll 6.31 0.01 23.36 

A Year (quadratic) x Geographical Area 16 6.43 0.01 24.89 

D Period x Latitude (3rd polynomial) 9 8.48 O 69.26 
Period x Hemisphere x Latitude (absolute) 9 9.66 O 124.9 
Period + Hemisphere + Latitude (absolute) 5 10.30 O 175.3 
Period + Latitude (3rd polynomial) 6 11.50 O 319.7 
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Fig. 1. Spatiotemporal variation in daily nest predation rates of shorebirds. (A to C) Predation rate in relation to 
year for different geographical regions: with interaction and using all populations (A), without interaction and using 
all populations (B), with interaction and using only the 88 populations with known exposure from the Arctic and 
North temperate region (C). The model behind (A) is less supported by the data than the model behind (B) by a 
factor of ~18 (Table 1). (D to F) Predation rate in relation to latitude for different periods: with interaction (period as 
two-level factor) and using all populations (D), without interaction (year as continuous variable) and using all 
populations (E), with interaction and using only the 98 populations with known exposure (F). The model behind (D) 
is less supported than the model behind (E) by a factor of ~70 (Table 1). In (A) to (F), lines and shaded areas 
represent model predictions with 95% confidence interval (Cl) based on posterior distribution of 5000 simulated 
values. Note the weak (P > 0.64) temporal increase in (C) [estimate = 0.08 (95% Cl, -0.07 to 0.2) from a linear 
model without interaction] and (F) [estimate = 0.06 (95% Cl, —0.09 to 0.17)]. See Table 1 for model description 
and comparison and (7) for details. (G@) Temporal change in the percentage of populations in which exposure was 
estimated [following (10)] to calculate predation rate. Note the sharp decline in the Arctic relative to the other 
regions [see (7) for overall and region-specific changes]. Circles represent data for 5-year intervals. (H) Modeled 
changes in predation rate over time assuming different values of B (proportion of nesting period observed; higher 
values indicate nests found sooner after egg laying) for populations with unknown exposure and year <2000 
(leaving the original estimates for all remaining populations). This exercise explores the sensitivity of the results to 
using older studies where the stage at which nests were found is less certain. (1) Relation between true and 
estimated predation rate for different values of B [NV = 65 populations, as in (5)]. The dashed line indicates a slope 
of 1 (i.e., estimated values equaling true values). In (G) and (1), lines and shaded areas represent locally estimated 
scatterplot smoothing with 95% Cl; in (H), lines and shaded areas represent model predictions with 95% Cl based 
on posterior distribution of 5000 simulated values. 
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Bulla e¢ a/. dispute our main conclusion that the global pattern of nest predation is disrupted in 
shorebirds. We disagree with Bulla e¢ a/.’s conclusions and contest the robustness of their outcomes. We 
reaffirm our results that provide clear evidence that nest predation has increased significantly in 


shorebirds, especially in the Arctic. 


In our study (J) we showed significant increases in daily 
nest predation rate in ground-nesting shorebirds that were 
especially strong in the Arctic. Bulla et al. (2) raise four con- 
cerns about our findings. Here, we highlight statistical and 
methodological problems in Bulla e¢ al.’s analyses. 

First, Bulla et al. argue that we should have presented 
evidence of a statistically significant interaction between 
region/latitude and year/period on daily nest predation rate 
in order to demonstrate that the temporal trend of increas- 
ing predation rate varies spatially. This criticism ignores 
that the analyses both we and they reported are based on a 
logarithmically transformed response variable [log(@ + 0.01): 
transformation applied based on model diagnostics]. The 
presence or absence of interactions based on transformed 
data is difficult to interpret. For example, log- 
transformation means that on the arithmetic scale, the ef- 
fects of model predictors are multiplicative, which implies 
interactive effects. 

This issue is demonstrated in Fig. 1. The data suggest 
strong temporal increases in daily nest predation (Fig. 1A) 
(3) with an evident difference in responses between the 
Northern and Southern Hemispheres. The lines in Fig. 1 are 
based on a model fitted to the log-transformed data and 
confirm the presence of both temporal and geographic ef- 
fects. Diagnostic analysis confirms that the geographic dif- 
ference is clearly evident in the data, becoming larger 
through time (Fig. 1B). The simple model reported in Fig. 1A 
captures this increase, despite the lack of an interaction 
term, because of the data transformation. However, Bulla et 
al. failed to recognize this and were therefore unable to de- 
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tect the patterns shown in Fig. 1. 

Figure 1C shows an example of the complexity under- 
neath this overall global pattern: Differences between the 
Arctic and the nearest region (North temperate) are small 
on average, but recently daily nest predation has risen nota- 
bly in the Arctic (Fig. 1D). Our published analyses and visu- 
alizations were designed to explore the nature of such 
interactions by examining the spatiotemporal patterns in 
more detail. Figures 2 and 3 in (J) demonstrate these spa- 
tially variable effects on which our conclusions are based 
and include mean trends with associated confidence inter- 
vals. 

Second, Bulla et al. suggest that our models were pseu- 
do-replicated, although they acknowledge that we corrected 
for spatial autocorrelation. In our spatial models (J, 4-6), 
spatial dependency is modeled as a random variance in 
which all points from the same location have the same 
(maximal) covariance. Our spatial term also accounts for 
possible covariance between sites that are close to each oth- 
er, which the models of Bulla e¢ al. do not (7). 

Third, Bulla et al. raised concerns about “observation 
time” (which they refer to as B). B represents the proportion 
of incubation and egg-laying periods for which successful 
nests in a particular population are followed by researchers. 
These values are used to estimate nest exposure using 
Beintema’s method (8); this converts “apparent predation” 
to daily nest predation values. Alternatively, if the exposure 
and number of depredated nests are given, then daily nest 
predation may be computed directly (J, 9, 10). Bulla et al. 
argue that the increase in daily nest predation over time 
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may be an artifact of using Beintema’s methodology (8). We 
do not agree with Bulla et al. for three reasons: 

1) For 56 populations where data using both approaches 
were available, the estimated values were not statistically 
different from the directly computed ones [see supplemen- 
tary material of (7) and Fig. 2A]. The only trend suggested is 
a slight but nonsignificant underestimation of daily nest 
predation using Beintema’s conversion after year 2000 (Fig. 
2B) that is opposite to the concern raised by Bulla et al. 

2) The simulations performed by Bulla et al. include ob- 
servation times (B) from 0.1 to 0.9 [figure 1H in (2)] with the 
artifactual increases in predation rate for historic data when 
B is very low (0.1 to 0.5). However, B should in principle 
vary from 0.5 of the incubation and egg-laying period in 
studies with random nest search to approximately 0.9 when 
all nests are found during the egg-laying period as a result 
of intensive research (8, 17). Bulla et al. computed an aver- 
age B = 0.65 for more than 10,000 shorebird nests at 16 Arc- 
tic sites and do not report B < 0.5 at any site or in any 
population (72). Lower values (B < 0.5) might be plausible 
only in exceptional circumstances (e.g., when low nest 
search intensity is restricted to the late breeding period on- 
ly). However, no estimate of B in our dataset was lower than 
0.5 (1, 13); therefore, Bulla et al.’s simulations using B < 0.5 
for our data are unjustified. 

3) Contrary to Bulla et al., we find that the global tem- 
poral increase in nest predation is significant when daily 
nest predation was either calculated directly or converted 
from “apparent predation” [table S3 in (J); Fig. 2C] (14). 

Finally, Bulla et al. hypothesize that increased research 
intensity over the years could have influenced the temporal 
increase in nest predation. To address this issue, we scored 
the research intensity for the data used in (J); however, we 
found no evidence that intensive research may have elevat- 
ed nest predation rates (Fig. 2D). Therefore, notwithstand- 
ing the possible negative effect of disturbance through more 
intensive study, it is unlikely that research intensity would 
have contributed to the temporal increase in nest predation 
we reported (J). 

Taken together, these findings provide further evidence 
that the global pattern of nest predation was disrupted in 
shorebirds, and this conclusion remains unaffected by the 
concerns raised by Bulla et al. (2). The key results of (7) are 
straightforward, supported by simple models and data: 
There is a strong temporal increase in nest predation rates 
at a global scale, with significant spatial variation. Our con- 
clusions are reinforced by a detailed study of five shorebird 
species that reported increased nest predation for all five 
species between 1948 and 2006, using 200 data points from 
six European countries (/5). Our results remain robust, and 
together they appear to reveal a significant, previously un- 
derappreciated global threat to shorebirds. 
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Fig. 1. Temporal and spatial variation in daily nest predation rate (DPR) at a global scale. We fitted the 
simplest model [log(DPR + 0.01) as a linear function of latitude and year]; both latitude and year are highly 
statistically significant. This is a simpler model than any used by Bulla et a/. (2), but notably has a lower 
Akaike information criterion (AIC) than the models they considered. Note that although the model does not 
include an interaction term on the log scale, the lines diverge on the arithmetic scale, indicating 
geographically divergent outcomes. This applies equally to the models of Bulla et a/. We also provide 
comparison with raw data as decadal averages (+SEM) in all graphs; see (3) for model details. (A) Fitted 
values (lines) for Northern and Southern Hemispheres compared with data. (B) Difference of DPR in the 
Northern relative to the Southern Hemisphere; the blue dashed line with 95% confidence intervals indicates 
a significant increase in this difference over the period of study. (C) Comparison of Arctic and North 
temperate regions. (D) Difference of DPR in the Arctic relative to the North temperate region. See (1) for 
details and sample sizes. 
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Fig. 2. Variation in DPR in relation to computation method and research intensity. (A) Correlation 
between directly calculated DPR and DPR values using Beintema’s conversion (5). The relationship (+ 
confidence interval) is in blue, the red dashed line represents parity, and observation time (B) is noted next 
to each data point. (B) Directly calculated and converted DPR in historic (before 2000) and recent (after 
2000) periods. Data in (A) and (B) represent 56 populations; see (1) for details. (C) Temporal trend in 
directly calculated DPR (97 populations) and converted DPR (140 populations). Generalized additive 
model fits with 95% confidence intervals are shown; see table S3 in (1) for model description. (D) Daily 
nest predation variation according to research intensity: Small = infrequent visits to nests (e.g., to measure 
eggs); Medium = repeated nest visits to deploy nest-monitoring devices (e.g., trail cameras) near nest 
and/or adult trapping at a few nests; High = trapping and banding of breeding adults on a majority of nests. 
[Nonsignificant effect of research intensity on DPR: estimate = 0.091, SEM = 0.091, z = 0.09, P = 0.320; 
the same model structure as in table S3 in (1)]. Data are means + SEM for five latitudinal areas separately; 
see (1, 3) for details. Number of populations is given next to the relevant data points in (B) and (D). 
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IN SCIENCE JOURNALS — 


Almond orchards in California, USA, produce 
Sweet almonds for human consumption: 


MEMBRANES 
Supported graphene- 
based membranes 


Porous graphene sheets have 
excellent filtration capabili- 

ties and are able to block most 
ions, but their fragility limits 
their scale-up beyond labora- 
tory demonstrations. Yang et al. 
created a nanoporous graphene 
membrane reinforced by a 
network of single-walled carbon 
nanotubes (SWNTs) to provide 
mechanical stability (See the 
Perspective by Mi). The SWNT 
network also stopped the propa- 
gation of cracks in the graphene, 
effectively localizing the damage 
to asmall area defined by a cell 
in the carbon nanotube mesh. 
The membranes showed high 
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water flux rates as well as a high 
rejection rate for most ions. 
—MSL 
Science, this issue p. 1057; 
see also p. 1033 


STRUCTURAL BIOLOGY 
ATP production under 
lockdown 


Cellular processes must 
respond to change, often by 
speeding up, slowing down, or 
stopping altogether. Adenosine 
triphosphate (ATP) synthases 
use a transmembrane pro- 

ton gradient to produce ATP, 
but this reaction can go in 
reverse and needs to be halted 
when conditions are unfavor- 
able. Jinke Gu et al. purified 


Three-way symbiosis 


protects sea slugs 
Zan et al., p. 1056 


a tetrameric ATP synthase 
complex from pig hearts that 
contained the endogenous 
inhibitory protein IF1. Targeted 
refinement yielded high-reso- 
lution views of the mammalian 
ATP synthase trapped in two 
different rotation states by IF1. 
The findings suggest that ATP 
synthase tetramers can be 
inhibited by at least three differ- 
ent mechanisms. —MAF 
Science, this issue p. 1068 


ELECTROCHEMISTRY 
Three’s a charm for 
iron and CO, 


Large-scale electrochemical 
reduction of CO, to CO could 
be a promising first step in 
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sustainable conversion of the 
greenhouse gas to commodity 
chemicals. Currently, gold and 
silver are the most active cata- 
lysts for this process, whereas 
more abundant, less expensive 
metals tend to require impracti- 
cally high potentials. Jun Gu et 
al. now report an iron catalyst 
with activity equaling or exceed- 
ing that of the precious metals. 
The key proved to be stabiliza- 
tion of the dispersed single iron 
ions in the +3 oxidation state. 
—JSY 


Science, this issue p. 1091 


METASURFACES 
Dynamic metasurfaces 


Nanostructured metasurfaces 
can function as many passive 
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optical elements. Now, S.-Q. Li 
et al. demonstrate that meta- 
surfaces can be combined with 
liquid crystals to provide active 
control over light beams. With 
a view toward developing near- 
eye augmented reality display 
technology, they combined a 
dielectric metasurface with a 
liquid crystal layer to produce 
a tiny spatial light modulator. 
The results present a path for 
the development of dynamic 
metasurfaces as a platform for 
miniaturized optical technology 
with advanced time-dependent 
functionality. —ISO 

Science, this issue p. 1087 


NEUROSCIENCE 
Longer ripples make 


better memories 


Sharp wave ripples in the hip- 
pocampus are thought to play 
arole in memory formation and 
action planning. Fernandez- 
Ruiz et al. used multisite 
electrophysiological recordings 
combined with optogenetic 
activation of hippocampal 
pyramidal neurons in rats per- 
forming learning tasks. Learning 
and correct recall in spatial 
memory tasks were associ- 
ated with extended sharp wave 
ripples. Artificially prolonging 
these ripples improved working 
memory performance, whereas 
aborting the late part of ripples 
decreased performance. —PRS 
Science, this issue p. 1082 


INNATE LYMPHOID CELLS 
Filming the airways 


Group 2 innate lymphoid cells 
(ILC2s) are key drivers of 
immune responses in the lung. 
Puttur et a/. used an interleu- 
kin-13 (IL-13) reporter mouse 
strain to visualize migration of 
ILC2s in allergic airway inflam- 
mation. ILC2s exhibited dynamic 
ameboid-like movement in 
response to IL-33. IL-3 induced 
up-regulation of chemokine 
receptor 8 on ILC2s, which pro- 
moted their homing to deposits 
of chemokine ligand 8 within the 
airways. Collagen-l, a compo- 
nent of the extracellular matrix 
(ECM), played a role in directly 


1044 


regulating ILC2 cell migration. 
Thus, structural cues from the 
ECM work in conjunction with 
immune mediators to influence 
immune cell functions in tissues. 
—AB 

Sci. lmmunol. 4, eaav7638 (2019). 


CANNABIS 
Ancient usage of cannabis 


The cultivation of cannabis 
extends back into distant 
prehistory. During excavations 
at acemetery on the Pamir 
Plateau on the border of China 
and Tajikistan, Ren et al. found 
cannabinoid oils in wooden 
braziers. The finding is consis- 
tent with psychoactive cannabis 
use in burial rituals as early as 
500 BCE. The cannabis featured 
high levels of THC (tetrahydro- 
cannabinol)—higher than in wild 
varieties of the plant. Artifacts 
recovered from the burials as 
well as isotopic evidence from 
human remains suggest a high 
degree of cultural and economic 
exchange with neighboring 
peoples. Thus, people in the 
region may have been engaged 
in the hybridization of disparate 
populations of cannabis plants 
for the purpose of increasing 
their potency. —AC and KJP 
Sci. Adv. 10.1126/ 
sciadv.aaw1391 (2019). 


OBESITY 
A gut-fat axis 


Whether and how the gut 
microbiome impacts adipose 
tissue homeostasis is an open 
question. Virtue et al. showed 
that a high-fat diet in mice led 
to the activation of miR-181 in 
white adipose tissue (WAT). 
This in turn led to obesity, 
sulin resistance, and WAT 
flammation. The increased 
expression of this microRNA 
was linked to a reduction in 
irculating microbiota-derived 
metabolites produced by 
tryptophan metabolism in the 
gut. In the plasma of obese 
humans, miR-181 expression 
was increased in WAT and indole 
was reduced, suggesting poten- 
tial medical relevance for this 
axis. —CAC 

Sci. Transl. Med. 11, eaav1892 (2019). 
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IN OTHER JOURNALS 


Awearable, highly 2 
stretchable, self-healing 
polymer sensor can 
measure changes in strain 
directly from complex 
dynamic surfaces like 


human joints. A 


MATERIALS SCIENCE 


Sensing the stretch 


Edited by Caroline Ash 
and Jesse Smith 


isciplines ranging from robotics to medical diagnostics 
and rehabilitation can require ways to detect changes 
in strain directly from the surface of an object. When 
that object is human skin, the sensor needs to be able 
to detect stretching in all directions, including complex 
combinations of bending and stretching at the joints, while 
remaining compliant. Lu et al. have developed a conducting, 
highly stretchable polymer composed of poly(2-acrylamido- 
2-methyl-l-propanesulfonic acid), polyaniline, and phytic 
acid. In addition to showing linear responses to omni- 
directional tensile strain and bending, the polymer also has 
self-healing capabilities. Furthermore, the material has an 
elastic modulus comparable to that of human skin, making it 
possible to attach the sensors directly to the body. —MSL 


ACS Appl. Mater. Interfaces 11, 20453 (2019). 


Published by AAAS 
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PLANT PATHOLOGY 

The economic cost of 

an epidemic 

Native tree populations in 
many parts of the world are 
threatened by alien pathogens, 
which are often imported 
inadvertently via the trade in 
living plants. Hill et a/. estimate 
the likely economic cost of the 
current epidemic affecting ash 
(Fraxinus excelsior) in Britain. 
They find that ash dieback, 
caused by the fungal pathogen 
Hymenoscyphus fraxineus 
imported from continental 
Europe in ash saplings, may 
cost £14.8 billion over the next 
100 years, with half of that 
amount accrued over the com- 
ing decade. Most of the cost is 
in lost economic services such 
as recreation, avoided runoff, 
and carbon sequestration, 
although there are also sub- 
stantial costs incurred by felling 
dead trees and replanting. The 
authors point out that these 
potential costs dwarf the value 
of the plant trade. -AMS 


Curr. Biol. 29, R315 (2019). 


GENETIC RISK 
Gene expression can 
point to disease risk 


Investigations of the genetic 
mechanisms underlying 
neuropsychiatric disease are 
difficult. Such studies involve 

a large number of variants 

of relatively small effect and 
unknown function. Gamazon et 
al. computationally examined 
expressed genes (the tran- 
scriptome) in multiple tissues, 
including the brain, adrenal 
glands, blood, and colon of 393 
individuals. They identified sev- 
eral genetic variants associated 
with neuropsychiatric disease. 
The analysis also revealed novel 
genetic risk factors not previ- 
ously linked to neuropsychiatric 
disorders. Some genes show 
disease-specific expression in 
nonbrain tissue, such as the 
adrenal glands and gut, high- 
lighting the need for multiple 
tissue analyses to pinpoint the 
cause of these diseases. —LMZ 


Nat. Genet. 55, 933 (2019). 
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PLANT SCIENCE 
Simple rules generate 
complex shapes 


During development, complex 
shapes are elaborated from 
simple origins. Studying plant 
leaves, Kierzkowski et al. use 
live imaging and computa- 
tional modeling to deconstruct 
the growth patterns of a 
simple leaf compared with 
those of a complex dissected 
leaf. Both sorts of leaf use the 
same tools for growth. The 
differing outcomes result from 
shifts in deployment of growth 
and differentiation programs. 
Delayed differentiation allows 
small protrusions to elaborate. 
Interspersed sites of growth 
inhibition accentuate protru- 
sions. Thus, diversity in leaf 
shape is achieved by shifting 
the regulation of overall differ- 
entiation and local growth. The 
regulatory logic, resembling 
an incomplete feed-forward 
loop, might allow fine-tuning of 
shape without changing overall 
size. —PJH 

Cell 177, 1405 (2019). 


EXOPLANETS 
Same masses, 
different sizes 


Exoplanets with masses 
between those of Earth and 
Neptune come in two types 
that display a bimodal dis- 
tribution of densities: “super 
Earths,” with rocky bodies and 
small (or no) atmospheres, 
and “mini Neptunes,” with 
extended atmospheres of 
hydrogen and helium sur- 
rounding rocky cores. That 
difference might reflect the 
removal of light gasses from 
some of their atmospheres by 
stellar activity. Gandolfi et al. 
have discovered two exoplan- 
ets orbiting the star HD15337. 
Planet c is a mini Neptune 
with a 50% larger radius than 
planet b, a super Earth. As both 
planets have identical masses 
(within the uncertainties) and 
orbit the same star, study- 
ing them will help explain the 
atmospheric loss processes 
that lead to these planet types. 
—KTS 

Astrophys. J. Lett. 876, L24 (2019). 


Complex leaves arise because of local zones of growth inhibition. 
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METABOLIC DISEASE 
Fatty liver—too much 
of a bad thing? 


Human genetic studies have 
been instrumental for devel- 
oping drugs that prevent 
cardiometabolic disease. Key 
examples are statins and anti- 
body-based therapies that lower 
serum levels of low-density 
ipoprotein (LDL) cholesterol. A 
similar paradigm may apply to 
fatty liver disease, an increas- 
ingly prevalent disorder that can 
progress to cirrhosis. Fatty liver 
is more common in individuals 
carrying a certain variant of 

the gene PNPLA3 (patatin-like 
phospholipase domain-con- 
taining protein 3) that leads 

to accumulation of the protein 
on lipid droplets in the liver. 
Whether this aberrant accumu- 
lation causes the disease was 
unknown. BasuRay et al. show 
that removing PNPLA3 from the 
liver by targeted protein degra- 
dation or by RNA interference 
ameliorates fatty liver in mice 
and may be a suitable target 

for therapeutic interventions. 
—PAK 


Proc. Natl. Acad. Sci. U.S.A. 116, 
9521 (2019). 


PHYSICS 
Acharmed violation 


Our universe has much more 
matter than antimatter. This 
asymmetry requires a violation 
of combined charge and parity 
(CP) symmetries. Although the 
violation of CP symmetry has 
been observed before in weak 
interactions, its magnitude is 
insufficient to explain the size of 
matter-antimatter asymmetry. 
Aaij et al., from the LHCb col- 
laboration at the Large Hadron 
Collider, have now measured a 
small CP violation present in the 
decay of D° mesons, which con- 
sist of one charm and one antiup 
quark. The researchers found 
that the CP violation was more 
than five standard deviations 
away from a zero value and near 
the upper bound of the Standard 
Model prediction. The measure- 
ment should provide a valuable 
theoretical benchmark. —JS 
Phys. Rev. Lett. 122, 211803 (2019). 
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GAS GIANT PLANETS 
Cassini’s last look at 


Saturn’s rings 
During the final stages of the 
Cassini mission, the spacecraft 
flew between the planet and 
its rings, providing a new view 
on this spectacular system 
(see the Perspective by Ida). 
Setting the scene, Spilker 
reviews the numerous discover- 
ies made using Cassini during 
the 13 years it spent orbiting 
Saturn. less et al. measured the 
gravitational pull on Cassini, 
separating the contributions 
from the planet and the rings. 
This allowed them to determine 
the interior structure of Saturn 
and the mass of its rings. Buratti 
et al. present observations of 
five small moons located in and 
around the rings. The moons 
each have distinctive shapes 
and compositions, owing to 
accretion of ring material. 
Tiscareno et al. observed the 
rings directly at close range, 
finding complex features 
sculpted by the gravitational 
interactions between moons 
and ring particles. Together, 
these results show that Saturn's 
rings are substantially younger 
than the planet itself and 
constrain models of their origin. 
—KTS 
Science, this issue p. 1046, p. 1052, 
p.1053, p.1054; 
see also p. 1028 


MICROBIOTA 
The dope on L-dopa 


metabolism 


The efficacy of L-dopa treat- 
ment for Parkinson's disease 

is hugely variable between 
individuals, depending on the 
composition of their microbiota. 
L-Dopa is decarboxylated into 
active dopamine, but if the gut 
microbiota metabolize L-dopa 
before it crosses the blood-brain 
barrier, medication is ineffec- 
tive. Maini Rekdal et al. 

found that different species 

of bacterium are involved 
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in L-dopa metabolism (see 
the Perspective by O'Neill). 
Tyrosine decarboxylase (TDC) 
from Enterococcus faecalis 
and dopamine dehydroxylase 
(Dadh) from Eggerthella lenta 
A2 sequentially metabolized 
L-dopa into m-tyramine. The 
microbial L-dopa decarboxylase 
can be inactivated by (S)-a- 
fluoromethyltyrosine (AFMT), 
which indicates possibilities 
for developing combinations of 
Parkinson's drugs to circumvent 
microbial inactivation. —CA 
Science, this issue p. 1055; 
see also p. 1030 


SYMBIOSIS 
Alittle help from a friend 


The Hawaiian sea slug Elysia 
rufescens grazes on an alga 
called Bryopsis sp. The alga 
defends itself from predators 
using peptide toxins decorated 
with fatty acids, called kaha- 
lalides. Zan et al. wondered if a 
third party was involved in toxin 
production (see the Perspective 
by Mascuch and Kubanek). 
Within the alga, a species of 
bacterium with a very reduced 
genome was discovered to be 
a factory for the nonribosomal 
assembly of a family of kaha- 
lalides. The authors elucidated 
the pathways for generating this 
chemical diversity. It seems that 
the sea slug not only tolerates 
the toxins but, to protect itself 
from being eaten by fish, grazes 
on the alga to accumulate kaha- 
lalide. —CA 

Science, this issue p. 1056; 

see also p. 1034 


PHASE-CHANGE MEMORY 
Structural switch for fast 
switching 


Phase-change materials are 
important for computer mem- 
ory. They can quickly switch 
from glassy to crystalline using 
a thermal pulse and then lock in 
that structure for a long time at 
lower temperature. Zalden et al. 
probed the underlying atomic 
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structure of two phase-change 
materials during this switching 
using ultrafast x-rays and simu- 
lations (see the Perspective by 
Rao et al.). A liquid-liquid phase 
transition in both materials 
allowed fast switching at high 
temperatures. The lower- 
temperature glass locks in the 
structure, allowing for long-term 
memory storage. —BG 

Science, this issue p. 1062; 

see also p. 1032 


PHYSICS 
Driving strontium titanate 
ferroelectric 


Hidden phases are metastable 
collective states of matter that 
are typically not accessible on 
equilibrium phase diagrams. 
Nova et al. used infrared pulses 
to excite higher-frequency lat- 
tice modes that drive the crystal 
into a metastable ferroelectric 
phase, a phase that can persist 
for many hours. X. Li et al. used 
terahertz fields to drive the soft 
mode that moves the ions in 
the crystal into the positions 
they occupy in the new phase. 
The ferroelectric phase in this 
case was transient, lasting on 
the order of 10 picoseconds. 
Because these hidden phases 
can host exotic properties in 
otherwise conventional materi- 
als, the accessibility to and 
control of such hidden phases 
may broaden potential function- 
ality and applications. —ISO 
Science, this issue p. 1075, p. 1079 


CELL BIOLOGY 
Surviving energetic stress 
with mTORC2 


The roles and regulation of the 
mechanistic target of rapamycin 
complex 2 (mTORC2), a multi- 
protein complex that contains 
the kinase mTOR in association 
with rictor, have been enig- 
matic. Kazyken et al. identified 
the energy sensor adenosine 
monophosphate-activated 
protein kinase (AMPK) as a 
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kinase that phosphorylated and 
activated mTORC2 (see the 
Focus by Jacinto). Activation 
of AMPK by energetic stress 
stimulated mTORC2 and its 
substrate Akt, thereby promot- 
ing cell survival. These results 
may help to explain why AMPK, 
which is typically thought of as 
a tumor suppressor, can act as 
a promoter of tumor growth in 
some contexts. -WW 

Sci. Signal. 12, eaav3249, 
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GAS GIANT PLANETS 


Cassini-Huygens’ exploration of the 
Saturn system: 13 years of discovery 


Linda Spilker 


The Cassini-Huygens mission to Saturn provided a close-up study of the gas giant planet, 
as well as its rings, moons, and magnetosphere. The Cassini spacecraft arrived at Saturn 
in 2004, dropped the Huygens probe to study the atmosphere and surface of Saturn’s 
planet-sized moon Titan, and orbited Saturn for the next 13 years. In 2017, when it was 
running low on fuel, Cassini was intentionally vaporized in Saturn’s atmosphere to protect 
the ocean moons, Enceladus and Titan, where it had discovered habitats potentially 
suitable for life. Mission findings include Enceladus’ south polar geysers, the source of 
Saturn’s E ring; Titan’s methane cycle, including rain that creates hydrocarbon lakes; 
dynamic rings containing ice, silicates, and organics; and Saturn’s differential rotation. This 
Review discusses highlights of Cassini’s investigations, including the mission’s final year. 


lybys of Saturn by Pioneer 11 in 1979 (1), 
Voyager 1 in 1980 (2), and Voyager 2 in 
1981 (3) provided fleeting glimpses of the 
Saturn system. Shortly after the Voyager 2 
flyby, concepts for an orbiter-and-probe 
mission like Cassini-Huygens were proposed by 
the planetary science community to provide an- 
swers to important questions raised by these 
earlier flybys—in particular, to study the unknown 
surface of Saturn’s haze-enshrouded moon, Titan. 
In 1986, the National Research Council’s Com- 
mittee on Planetary and Lunar Exploration 
(COMPLEX) stated that the “highest priority for 
outer planet exploration in the next decade is 
intensive study of Saturn—the planet, satellites, 
rings, and magnetosphere—as a system” (4). Using 
the COMPLEX endorsement, NASA initiated joint 
studies with the European Space Agency (ESA), 
resulting in the Cassini-Huygens mission. 

The motivation for planetary science missions 
such as Cassini-Huygens includes seeking an- 
swers to basic questions such as how planetary 
systems form, how they evolve through time, 
and where beyond Earth can requirements for 
life be found (5). The high-level Cassini scien- 
tific objectives were to conduct in-depth inves- 
tigations of the Saturn system, including orbital 
remote sensing of Saturn’s atmosphere, icy sat- 
ellites, and rings; in situ orbital measurements 
of charged particles, dust particles, and mag- 
netic fields; and detailed measurements with the 
Huygens probe during descent through Titan’s 
atmosphere and on the surface. The Cassini- 
Huygens mission met or exceeded all of these 
objectives. Details of the mission, orbiter, probe, 
history, and instruments can be found in (6, 7). 

Cassini-Huygens was launched in 1997 and 
entered orbit around Saturn in 2004 (8), begin- 
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ning its 13-year exploration of the Saturn sys- 
tem, which spanned almost half of a Saturn year, 
covering late northern winter, spring, and sum- 
mer. Cassini performed a comprehensive survey 
of the Saturn system, including detailed mapping 
of Saturn’s rings, moons, and magnetosphere, as 
well as seasonal studies. NASA’s Cassini space- 
craft carried ESA’s Huygens probe, which landed 
on the moon Titan in 2005 (9). This interna- 
tional mission was a cooperative undertaking 
between NASA, ESA, and the Italian Space Agency 
[Agenzia Spaziale Italiana (ASI)]. 

Cassini’s 4-year Prime Mission began its ex- 
ploration of the Saturn system and raised new 
questions to address in the following extended mis- 
sions. The 2-year Equinox Mission continued ob- 


servations over the equinox crossing in August 2009, 
when Saturn’s rings were edge-on to the Sun. 
In 2010, the Cassini Solstice Mission began the 
final 7 years of exploration. It sent the space- 
craft on equatorial orbits with many targeted 
flybys of the icy satellites; inclined orbits with 
improved views of Saturn’s rings and poles; and, 
finally, highly inclined ring-grazing orbits and 
the Grand Finale phase. In the Grand Finale, 
Cassini dove between the innermost D ring and 
the upper region of Saturn’s atmosphere before 
the mission’s end in 2017, a few months after 
northern summer solstice, with a deliberate crash 
into Saturn’s atmosphere. 

Cassini’s encounters with Saturn’s moons 
Enceladus and Titan led to findings such as po- 
tentially habitable environments in Enceladus’ 
and Titan’s subsurface water oceans (J0-12); 
Enceladus’ south polar geysers (13), the source 
of Saturn’s E ring (14); and Titan’s methane- 
based hydrologic cycle (15), with methane rain 
that creates hydrocarbon lakes and seas (16). 

Other findings include three-dimensional struc- 
tures in the planet’s dynamic rings (17), a giant 
Saturn storm that completely encircled a north- 
ern latitude band for almost a year (18), a long- 
lived hexagonal jet stream encircling the north 
pole (19), and evidence that the captured moon 
Phoebe may have originated in the outer Solar 
System’s Kuiper Belt (20). 

The final year of the mission, when Cassini 
moved closer to Saturn than ever before, provided 
an array of discoveries regarding the interior of 
Saturn, its upper atmosphere and rings, and the 
gap between the rings and the planet. 


Enceladus, an ocean world 


Before Cassini’s arrival, Enceladus, a small moon 
~500 km in diameter, was known to reflect al- 
most 90% of the sunlight it receives, making it 
the brightest moon in the Solar System. During 


Fig. 1. Icy jets from Enceladus’ south pole create the E ring. (A) Jets spewing ice particles and 
water vapor from Enceladus’ south pole form a bluish plume in this false-color image, taken by 
Cassini in 2005 (128). (B) False-color full-disk view of Enceladus shows softened craters and tectonic 
fractures. South polar region containing blue-greenish tiger stripes is crater-free and young (129). 
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Cassini’s early flybys, images of the moon revealed 
a system of extensive cracks in the surface and 
large regions completely devoid of craters. The 
south polar region contains large tectonic fea- 
tures, is devoid of craters, and is the youngest 
surface on Enceladus. It includes a system of 
four nearly parallel fractures, nicknamed the 
“tiger stripes,” centered near the south pole (27). 
Each tiger stripe is about 130 km long and 2 to 
4 km wide and is separated from the others by 
~35 km. 

Activity on Enceladus was first detected by 
Cassini’s magnetometer as a deflection of Saturn’s 
magnetic field (22). During a close targeted flyby 
in 2005, Cassini’s thermal infrared spectrometer 
discovered a hot spot centered on the south pole 
(23). The four tiger stripe fractures were the 
warmest regions—more than 100 K warmer than 
the surrounding areas (24)—and were the source 
of an immense ice plume (Fig. 1A) imaged by 
Cassini’s camera (13). The giant plume of water 
vapor and ice grains is fed by both discrete jets 
(25) and curtains of material (26) originating 
inside each tiger stripe. The localized jets in the 
tiger stripes are the warmest regions detected 
on the moon (27). Enceladus’ extensive water va- 
por and ice particle plume was unexpected, and 
later Cassini mission phases were adjusted to 
further investigate this feature. Cassini ultimately 
flew through the Enceladus plume seven times, 
directly sampling its gas (28) and icy particles (29). 

The lack of impact craters in the tiger stripe re- 
gion demonstrates that it is a geologically fresh 
surface that is constantly renewed (Fig. 1B). Most of 
the plume material eventually reimpacts Enceladus, 
but the smallest grains ejected in the plume are 
the source of Saturn’s tenuous, distended E ring 
(14, 30), which is densest at the orbit of Enceladus 
and spreads throughout the system. The E ring 
interacts with the inner moons, such as Mimas, 
Tethys, Dione, and Rhea, coating one side of them 
with E-ring grains (37). Cassini scientists dis- 
covered that the source of the plume is a global 
liquid water ocean beneath Enceladus’ ice crust 
(11). The ocean has a depth of ~10 km, located 
beneath an ice shell that is mostly about 26 to 
31km thick but is considerably thinner, as little 
as 5 km, in the south polar region (10). 

In addition to water vapor (32), Cassini’s Ion 
and Neutral Mass Spectrometer (INMS) showed 
that the plume contains gaseous carbon dioxide 
and simple hydrocarbons such as methane, pro- 
pane, and acetylene (33). During Cassini’s closest 
dive through the plume in 2015, INMS also de- 
tected molecular hydrogen (H.) (34). Cassini’s 
Cosmic Dust Analyzer (CDA) found salt-rich ice 
grains containing sodium and potassium (35) that 
are probably frozen droplets from the under- 
ground salty ocean (36). CDA also detected tiny 
grains of silica, <10 nm in size, originating from 
Enceladus’ ocean (37). These tiny silica grains 
most likely condensed from hot water spewing 
from hydrothermal vents on Enceladus’ seafloor 
(37). The excess hydrogen discovered by INMS 
could also be produced by the hydrothermal 
vents. CDA and INMS also detected evidence for 
large organic fragments, indicative of complex 
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Fig. 2. Huygens probe image taken just after 
landing on Titan’s surface in 2005. This 
image of Titan’s surface was generated with 
spectral reflection data added for color. 

The largest icy pebbles are 5 to 10 cm across. 
Flowing methane created their rounded 
shapes (130). 


organic molecules (38). The source of energy for 
the hydrothermal activity on Enceladus is tidal 
interactions among Enceladus, Dione, and Sat- 
urn (39). With liquid water, a hydrothermal 
energy source, and carbon-bearing organic mol- 
ecules, the subsurface ocean of Enceladus is po- 
tentially habitable. 


Titan, an Earth-like analog 


Titan is the largest moon in the Saturn system, 
slightly larger than the planet Mercury. It is the 
only moon in the Solar System with a dense at- 
mosphere, first characterized in detail by Voy- 
ager 1 (40, 41). Titan and Earth are the only 
bodies that have surface liquids: water on Earth, 
liquid hydrocarbons on Titan. Titan’s atmo- 
sphere is mostly nitrogen with some methane 
and a haze layer of organics that give this moon 
its orange color. Cassini mission results on Titan 
have been reviewed in two books (42, 43). 

The Huygens probe was built and operated 
by ESA and carried on the Cassini spacecraft. 
Huygens separated from Cassini in December 
2004 and landed on Titan 3 weeks later, on 
14 January 2005 (44). The probe’s 2 hour 27 min 


parachute descent provided an in situ atmo- 
spheric profile of temperature, pressure, density, 
wind, and composition, as well as detailed im- 
ages of the surface. The surface pressure was 
1.47 times that on Earth (45); super-rotating pro- 
grade, zonal winds peaked at 430 km hour™’, 
much greater than Titan’s equatorial rotation 
velocity (46); and atmospheric composition in- 
cluded the noble gases argon, krypton, and xenon 
(47), whereas nitrogen and methane were con- 
firmed as the primary constituents (48). After 
landing, the Gas Chromatograph Mass Spec- 
trometer (GCMS) measured an increase in abun- 
dance of methane gas as the relatively warm 
GCMS inlet heated Titan’s surface (47). 

Cassini flew overhead to receive and relay the 
Huygens data, including data from ~72 min on 
Titan’s surface, before Huygens’ link to Cassini 
was lost as Cassini set over the horizon. Huygens 
landed in a dry lakebed filled with rounded peb- 
bles (Fig. 2), near the Xanadu region, an equa- 
torial area about the size of Australia. Images 
taken at an altitude of ~10 km captured erosional 
patterns on a hillside with very steep slopes. 
Rounded, smoothed pebbles at the landing site 
are evidence of fluid flow (49). For more results 
from the Huygens probe, see (44). 

Cassini-Huygens revealed an array of complex 
hydrocarbons in Titan’s atmosphere, created as 
methane gas is broken apart by sunlight in the 
upper atmosphere, generating active chemistry 
(50) and a link to haze formation (57). The mech- 
anism by which methane is replenished remains 
a mystery. Over the course of the mission, meth- 
ane rainfall darkened parts of Titan’s surface 
(52, 53), and methane clouds formed and dissi- 
pated (54). As the seasons changed, the evolution 
and breakup of Titan’s northern winter polar vortex 
and the early formation of Titan’s southern win- 
ter polar vortex were observed (55, 56). The polar 
vortices appear to be tilted by a few degrees rel- 
ative to the rotational pole of Titan, and the entire 
stratosphere is also tilted by several degrees (57). 

The surface of Titan was observed from orbit 
using radar and imaging at infrared wavelengths, 
which showed broad regions of light and dark 
terrain (58) and geologic processes reminiscent 
of those on Earth. However, with surface tem- 
peratures around 93 K, methane plays the role 
of water on Earth, and solid water ice is an in- 
gredient of Titan’s bedrock. Titan’s rain is com- 
posed of methane, its lakes and seas are filled 
with liquid methane and ethane (59), and its 
long, linear equatorial dunes are particles of 
organic solids or ice covered by organics (60, 67). 
Some seas are about the size of North America’s 
Great Lakes (62) and are ~160 m deep (59). Titan’s 
hydrocarbon lakes and seas are found near the 
poles, with most of them located in the north (16). 
As northern summer approached, increasing sur- 
face winds (63) produced possible surface waves 
(64). Strong evidence exists for a subsurface liquid 
water ocean (12). 


The moons Mimas, lapetus, and Phoebe 


The Saturn system contains 62 known moons, 
many of them small, captured objects that are 
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distant from Saturn and irregular in shape. Closer 
to Saturn are 24 regular moons that probably 
formed from the same gas-and-dust cloud as 
Saturn. Some of these moons have strong gra- 
vitational interactions with the ring system, 
opening gaps and sculpting the rings. Saturn’s 
icy moons have been reviewed previously (65). 

Mimas is the innermost and smallest of the 
intermediate-sized moons, with a diameter of 
394 km. During a close flyby in February 2010, 
Cassini’s infrared spectrometer discovered that 
the leading side of Mimas—the hemisphere that 
faces forward in the moon’s orbit around Saturn— 
is ~15 K colder than the trailing side (66). This 
thermal anomaly, which has a shape reminis- 
cent of Pac-Man, is the result of differing ther- 
mal inertia between the leading 
and trailing sides of Mimas. The 
leading face is altered by bom- 
bardment of highly energetic elec- 
trons, which increases the contact 
between regolith grains, decreases 
their porosity, and increases ther- 
mal inertia (67). Models of Saturn’s 
E ring suggest that the side of 
Mimas that faces away from the 
direction of motion should be pref- 
erentially coated by particles from 
the E ring (37). Mimas’ high reflec- 
tivity (it is one of the most reflec- 
tive moons in the Solar System, 
after Enceladus) supports this hy- 
pothesis. Water ice is the primary 
compound detected on its surface 
(68). Its heavily cratered appear- 
ance demonstrates that there is 
little current geological activity on 
the moon (69). 

Farther out in the Saturn system, 
one hemisphere of Iapetus is as dark 
as soot, whereas the other half is 
nearly as bright as fresh snow. The 
reason for this light-dark dichot- 
omy was not known before Cassini’s 
arrival at Saturn. Spitzer Space Tel- 
escope observations have shown 
that a very tenuous ring exists at 
the orbit of Phoebe (70), probably 
due to dust ejected from the moon 
by tiny meteor impacts. This dust is swept up by 
Iapetus as it orbits Saturn. The darkest side of 
the moon is centered in the direction of motion 
of the satellite. A handful of small impact craters 
on the dark side punch through to bright ma- 
terial below, suggesting that the dark surface 
material is only a few meters thick (77). 

Cassini imaging showed a 20-km-high ridge 
that circles most of Iapetus’ equator (72). The 
ridge breaks up into mountains in some of the 
dark regions. The ridge must have formed early 
in the history of Iapetus because it is heavily 
cratered and eroded. The surface of Iapetus is 
mainly water ice with small amounts of carbon 
dioxide, carbon, and complex organic molecules 
present (73). 

Early in the mission, Cassini-Huygens flew 
close to Phoebe, the largest outer irregular moon 
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with a diameter of 220 km. Phoebe moves in an 
inclined, elliptical, retrograde orbit 13 million 
kilometers from Saturn. It is covered with im- 
pact craters that were probably created by col- 
lisions with smaller outer moons. Some of the 
craters contain icy patches and layered struc- 
tures; others have unusual conical shapes (72). 
Phoebe reflects only a few percent of the sun- 
light that falls on it, about the same as that 
reflected by the dark regions of Earth’s Moon. 
In addition to water ice, Phoebe’s surface is 
composed of carbon and carbon dioxide (74). 
The presence of carbon and its higher density 
than the other medium-sized moons of Saturn 
suggest that Phoebe was formed near the edge 
of the Solar System and migrated inward before 


Fig. 3. Vertical structures rise from Saturn’s B-ring edge. Among the 
tallest structures seen in Saturn's main rings, large objects rise abruptly 
from the edge of the B ring to cast long shadows across the ring. This 
image was taken by Cassini 2 weeks before the August 2009 equinox; 
sunlight is from above (131). 


being captured by Saturn (20). Phoebe might 
have originated in the Kuiper Belt, the reser- 
voir of ice-and-rock bodies beyond the orbit 
of Neptune. 


Discovery of seven small moons 


Before the Cassini mission, Saturn was known 
to host a family of small satellites, including 
the co-orbital moons Janus and Epimetheus, 
which switch orbits every 4 years and appear 
to have been one body until their violent sep- 
aration (75). Other previously known moons 
include the F-ring shepherds, Prometheus and 
Pandora, as well as Atlas, orbiting just outside 
the A-ring edge, and Pan, which clears the Encke 
gap in the rings (76). 

Cassini data led to the discovery of seven 
additional small moons in the Saturn system: 


Pallene, Aegaeon, Anthe, Methone, Daphnis, S/ 
2009 S 1, and Polydeuces (77). Four of these new 
moons are the sources of particles for co-orbiting 
rings or ring arcs. Pallene and Aegaeon create 
diffuse, dusty rings, whereas Anthe and Meth- 
one are associated with ring arcs (78, 79). The 
tiny moon Daphnis was discovered orbiting in 
the Keeler gap in the A ring, may help to clear the 
gap, and produces horizontal and vertical waves 
along both gap edges (80). An even smaller moon 
(S/2009 S 1), only 300 m in diameter, was dis- 
covered at Saturn equinox by the shadow it cast 
inside the B ring (87). Aegaeon was discovered 
inside an arc in Saturn’s G ring (78), whereas Poly- 
deuces co-orbits with Dione in a gravitationally 
stable zone known as a Lagrangian point (76). 


Rings 

Saturn’s rings are complex, and the 
processes observed there provide a 
laboratory for planet formation. Some 
of Cassini’s highest-resolution data 
on the rings were obtained during 
Saturn orbit insertion (SOD in 2004 
as well as during the final year of the 
mission. Tiny propeller shapes and 
strawlike clumping in the strongest 
density wave peaks were detected in 
SOI images taken on the unillumi- 
nated side of the rings (82). Detailed 
reviews of the rings are available 
(83, 84). 

Cassini’s 13 years in orbit pro- 
vided an opportunity to observe tem- 
poral changes in Saturn’s dynamic 
ring system on both the sunlit and 
unilluminated sides of the rings. Some 
regions in Saturn’s rings changed 
on time scales of weeks or months. 
Dozens of objects (0.1 to 1 km) orbit- 
ing in the A ring shifted their locations 
as they interacted with neighboring 
material (85). Although these objects 
were too small to be seen directly, 
they opened propeller-shaped gaps 
as large as thousands of kilometers 
in length that were captured by the 
Cassini cameras and in stellar oc- 
cultations of the rings (85). These 
migrating propeller-shaped structures (85), an 
analogy for protoplanets forming in a planetary 
nebula, were followed during the mission. Cas- 
sini also witnessed signs of the possible forma- 
tion of anew moon at the outer edge of Saturn’s 
A ring (86). 

Throughout the mission, Cassini scientists 
monitored one of the most active, chaotic rings 
in our Solar System, Saturn’s F ring (87). Clumps 
and dusty jets appeared and disappeared in the 
F-ring core, generated by embedded moonlets 
and disturbed by objects with orbits eccentric 
enough to dive through the F ring (88). Cassini 
observed channels opening and closing in the F 
ring in response to periodic close approaches by 
the tiny moon Prometheus (89). 

Several new ringlets, composed mostly of fine 
dust grains, appeared during Cassini’s 13 years 
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in orbit (79). One ringlet in the outer Cassini 
Division was barely visible when Cassini arrived 
but was among the dustiest features in the rings 
by the end of the mission. Meteoroids impacting 
Saturn’s rings generated ejecta clouds of debris 
that may be a source of these dusty ringlets (90). 

Once every half Saturn year the ring plane 
aligns with the center of the Sun, and for a brief 
time the northern and southern sides of the rings 
receive essentially no sunlight. During equinox 
in August 2009, when the Sun was edge-on to the 
rings, vertically extended objects cast shadows 
across the rings (77). During this period, Cassini 
observed shadows up to 2.5 km long (Fig. 3) 
created by objects larger than the 5-m vertical 
thickness of the rings, allowing the determina- 
tion of the heights of structures within the rings, 
including kilometer-sized objects near the outer 
edge of the B ring, and the vertical extent of edge 
waves in the Keeler gap created by the tiny 
moon Daphnis (84). The rings also cooled to 
their lowest temperatures, as for a few days 
they were heated only by sunlight reflected from 
Saturn (97). 

The particles forming Saturn’s A and B rings 
are almost pure water ice but show a strong 
ultraviolet absorption that varies in strength 
across the rings, indicating variation in minor 
constituents (92). A reddish color of varying 
intensity in the rings is deeper where the ice 
signature is strongest (93). The rings probably 
darken with time as they are polluted by me- 
teoroid bombardment. The less massive C ring 
and Cassini Division are redder than the more 
massive A and B rings (94). 

Hundreds of stellar and radio occultations of 
the rings were obtained throughout the mission 
at a large variety of ring geometries. Detailed 
horizontal and vertical structure (95, 96) and 
particle sizes (97) were revealed at multiple 
wavelengths, providing a detailed map of Saturn’s 
rings. Three-dimensional measurements were 
taken of tendril-like, ephemeral structures in 
the rings called self-gravity wakes (98). These 
transient clumps form only briefly before being 
torn apart by Saturn’s tides. Similar behavior in 
a protoplanetary disk might play a role in planet 
formation. A different kind of microstructure, 
which behaves like self-gravity but is due to 
viscous forces in the rings, was seen throughout 
the densest parts of the rings (99). 

Modeling the damping behavior of dozens of 
spiral density and bending waves, generated by 
resonant interactions between ring particles and 
Saturn’s nearby moons, constrained the mass 
of most of Saturn’s main rings (100). However, 
occultations were not able to probe directly the 
densest parts of the B ring, so its mass remained 
uncertain. Gravity measurements during the 
Grand Finale orbits showed that the total mass 
of the rings was less than all previous estimates, 
hinting at a young age for the rings (07). 


Saturn 


Cassini’s 13-year mission provided opportuni- 
ties to observe the formation and dissipation 
of a giant storm, the characteristics of Saturn’s 
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polar vortices, northern hexagonal jet stream, 
lightning and aurora, and seasonal change. Cas- 
sini arrived 2 years after northern winter solstice 
and the mission ended just after northern sum- 
mer solstice, providing almost two complete Sat- 
urn seasons of observations. Detailed reviews 
of Saturn are in (102). The shadows cast by the 
rings, originally covering the northern hemi- 
sphere, shifted through the equator at equinox 
and covered the southern hemisphere by the end 
of the mission. The northern winter hemisphere 
changed color from blue to golden as sunlight 
once again fell on that part of Saturn’s atmo- 
sphere (103). Aurorae and lightning were also 
observed on Saturn. Curtains of auroral emis- 
sion rose more than 1200 km above the planet 
(104). Lightning was generally associated with 
Saturn storms (105). 

Late in 2010, a giant storm erupted quickly in 
Saturn’s typically bland atmosphere. This type 
of storm occurs roughly every 30 years, but this 
one arrived 10 years early. Within months, the 
storm completely encircled the planet with a 
swirling band of clouds and vortices (78). Large 
temperature increases were measured in the 
stratosphere, and previously undetected mole- 
cules were observed in Saturn’s upper atmo- 
sphere (106, 107). The storm began to fade 
shortly after wrapping itself completely around 
one latitude band of the planet, about 9 months 
after it began (102). 

Saturn’s alternating eastward and westward 
jet streams define the bands of cloud that circle 
the planet. The bands follow lines of constant 
latitude up to within 1° of each pole. One of the 
jet streams, near 75° north latitude, forms a 
hexagonal pattern that is two Earth diameters 
across (19). Voyager first discovered the hexagon, 
and it is still there after 35 years. Small clouds 
move eastward around the corners of the pat- 
tern. This hexagonal-shaped jet stream (Fig. 4) 
is remarkable for its stability and longevity; its 
source remains a mystery. Using Cassini CIRS 


(Composite Infrared Spectrometer) thermal data 
of Saturn’s north pole, a thermal hexagonal struc- 
ture, precisely matching the well-known hexagon, 
was discovered towering hundreds of kilometers 
above the cloud tops (108). The presence of this 
thermal hexagon in Saturn’s northern summer 
stratosphere, which is connected to the familiar 
jet stream hexagon in some way, suggests that 
there is more to be learned about the dynamics 
of Saturn’s atmosphere. 

Cassini scientists observed hurricane-like vorti- 
ces, 50 times larger than a typical Earth hurri- 
cane, centered on both of Saturn’s poles (109); 
these phenomena were stable throughout the 
mission. In the south, Cassini showed a hurricane- 
like vortex, with eyewall clouds rising 70 km 
above the clouds in the center (110). A warm vor- 
tex with well-developed eye walls circles Saturn’s 
north pole as well (771). 


Length of Saturn’s day and probing 
its interior 


Saturn emits long-wavelength radio waves known 
as Saturn kilometric radiation (SKR). SKR was 
first observed by Voyager in the early 1980s and 
interpreted as an indicator of Saturn’s internal 
rotation period (length of day). Cassini results 
showed that the SKR signals are not coming 
from the interior of Saturn as originally as- 
sumed. The SKR period changed from year to 
year, incompatible with an interior origin. When 
Cassini first arrived at Saturn and measured the 
SKR period, data from the Radio and Plasma 
Wave Science instrument also showed that the 
radio waves’ frequencies were different in the 
northern and southern hemispheres (172). Plan- 
etary period oscillations observed in magnetic 
field data had a similar variability: The period of 
these oscillations (although close to the expected 
planetary period of ~10.7 hours) changed over 
time, particularly with season, and was differ- 
ent in the northern and southern hemispheres 
(113, 114). 


Fig. 4. The hexagon-shaped jet stream encircling Saturn’s north pole. This polar hexagon is 
about two Earth diameters across, more than 35 years old, and very stable. A hurricane-like storm 
circles at the center of the hexagon in this pair of Cassini images taken in two different seasons: 
2013 (left) and 2017 (right) (132). 
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An alternative method for estimating the 
length of Saturn’s day came from the detection 
of small, Saturn-driven waves in the rings (115). 
Saturn’s ring system acts like a seismograph, 
providing a measure of Saturn’s internal oscil- 
lations (or normal modes) that directly probe 
the interior of the planet (7/6) and provide a 
means for measuring its deep rotation rate. 
These vibrations, determined by Saturn’s non- 
uniform internal structure, are probably driven 
by convection inside the planet, which cause 
oscillations in Saturn’s gravity field that mani- 
fest themselves as waves in the rings. Prelimi- 
nary modeling of the propagation behavior of this 
collection of waves provides an interior rotation 
rate for Saturn of ~10.6 hours (1/7). 


The final year 


As Cassini ran low on fuel, it embarked on a 
series of orbits that took it closer to Saturn. 
The spacecraft transmitted its final data on 
15 September 2017, as it plunged into Saturn’s 
atmosphere, vaporizing to avoid accidental 
contamination of the potentially habitable 
moons (1/8). Cassini’s final phase covered roughly 
10 months. 

In late 2016, Cassini transitioned to a series 
of 20 ring-grazing orbits with closest approach 
(periapsis) just outside Saturn’s F ring, facili- 
tating close flybys of tiny ring moons and high- 
resolution views of Saturn’s A and F rings. A final 
close Titan flyby in late April 2017 propelled the 
periapsis across Saturn’s main rings to initiate 
the Grand Finale orbits. During these 22 orbits, 
Cassini repeatedly dove between Saturn’s inner- 
most D ring and the upper atmosphere. The last 
orbit turned the spacecraft into a Saturn atmo- 
spheric entry probe. 


Close to Saturn 


In the ring-grazing orbits, Cassini performed 
close flybys of the ring moons Pan, Daphnis, 
Atlas, Pandora, and Epimetheus. The surface 
characteristics of these moons are regulated by 
accretion of both a reddish material from Sat- 
urn’s main rings and icy grains originating in 
the Enceladus plume (779). The color and bright- 
ness of the moons inside or closest to the main 
rings (Pan, Daphnis, and Atlas) strongly resem- 
ble that of the rings. Figure 5 shows a central 
core surrounded by an equatorial ridge of ring 
particles for each of these three moons. 

The Cassini spacecraft passed close to Saturn’s 
main rings during its final year, during which it 
obtained high-spatial resolution images, spectral 
scans, and temperature scans of the rings (120). 
High-resolution images revealed streaky C-ring 
plateaus and previously unseen bands of parti- 
cle clumping throughout the rings. Weaker ice 
bands were identified in the outer A ring, out- 
side the Keeler gap. 

The top of the SKR emission region was sam- 
pled directly and repeatedly to determine its 
source (27) and elucidate how these planetary 
radio emissions are generated. SKR was strong- 
ly time-variable from orbit to orbit, with a de- 
pendence on local time around Saturn. Only 
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three SKR source regions were identified, all 
on the dawn side of Saturn and controlled by 
the electron densities in the vicinity (127). These 
regions were embedded in upward currents as- 
sociated with Saturn’s auroral oval. 


Saturn’s interior 


The Cassini Grand Finale at Saturn and the Juno 
mission at Jupiter provide a detailed view of 
the magnetic and gravity fields of these giant 
planets and offer windows into their interiors. 
Comparing these datasets will aid understand- 
ing of planet formation in the early Solar System. 


Daphnis 


6 miles 
(10 kilometers) 


Fig. 5. Montage of Cassini color images of 
Atlas, Daphnis, and Pan. These moons were 
individually photographed for this montage 
during separate flybys (133). Their colors are 
similar to those of the ring particles that form 
their equatorial ridges and coat their surfaces. 


Six Cassini orbits were optimized for gravity 
measurements to determine the mass distri- 
bution in Saturn’s interior and the mass of the 
main rings. The measured values of Saturn’s 
gravitational harmonics require deep differ- 
ential rotation to a depth of ~9000 km inside 
the planet (down to ~0.7 Saturn radii), in line 
with Juno results for Jupiter (122). This depth 
may correspond to the levels of magnetic dis- 
sipation. The ring mass is about 15 x 10 kg 
(0.41 Mimas masses), pointing to a ring age of 
perhaps 10’ to 10° years (101). 

Magnetic field measurements of Saturn’s in- 
ternal and external fields showed precise align- 
ment (within 0.008°) between Saturn’s spin-axis 
and its magnetic axis (1/4). This is considerably 
more axisymmetric than any other measured 
planetary magnetic field, which is inconsistent 


with current dynamo field theories. Magnetom- 
eter data provide insights into Saturn’s conduct- 
ing interior where zonal flows imply differential 
rotation, which is consistent with the gravity mea- 
surements (102). Higher-order magnetic moments 
suggest secondary dynamo action in the con- 
ducting interior of Saturn (1/4). 

Magnetometer data also showed a strong, low- 
latitude, field-aligned current system situated 
between the inner edge of the D ring and the 
top of Saturn’s atmosphere (J/4). This current 
is similar in strength to the currents observed 
in the auroral zone and, as such, may be part of 
a global current system. 


Traversing the gap 


While traversing the gap between Saturn and 
the rings, Cassini’s in situ instruments directly 
measured the composition and mass flux of 
the infalling ring material at various latitudes. 
This material is composed of nanograin particles 
(1 to 20 nm), similar in size to small smoke par- 
ticles, with the highest concentration within 2° 
of Saturn’s equator (123, 124). Near the equator, 
collisions with hydrogen atoms provide enough 
gas drag to decelerate the grains until they plunge 
into Saturn’s atmosphere. The Magnetospheric 
Imaging Instrument (MIMI) measured at least 
5 kgs’ of 1- to 3-nm grains entering Saturn’s 
equatorial atmosphere directly from the inner D 
ring, possibly from the bright D68 ringlet (123). 
INMS measured the volatile species derived from 
the equatorial ring grains—which included water, 
methane, ammonia, carbon monoxide and/or 
molecular nitrogen, and carbon dioxide—also 
entering Saturn’s atmosphere along the ring 
plane (125). The estimated mass influx rate was 
5000 to 40,000 kg s_', considerably higher than 
the MIMI estimates, which covered only a por- 
tion of the particle size range. This influx of 
organic-rich nanoparticles from the rings modi- 
fies Saturn’s equatorial ionosphere and atmo- 
sphere (125). 

Grains at higher latitudes are charged and 
transported along Saturn’s magnetic field lines 
on each side of the rings (124), consistent with 
previously detected “ring rain” (726). These high- 
latitude grains are primarily impact ejecta from 
the B and C rings. CDA directly measured the 
mass and composition of the ~20-nm nanograins 
to characterize this material falling into Saturn. 
Two separate nanograin compositions were 
identified: water ice grains and silicate grains 
(124). Silicate grains accounted for about one- 
third of the identified nanograins, much greater 
than the estimated bulk silicate composition of 
the rings, which is a few percent (94). The ab- 
sence of larger particles, observed in the rings 
farther from Saturn, indicates that some un- 
identified process is grinding up particles, grad- 
ually transforming the rings to become part of 
the planet. 

During the final orbits, an inner radiation 
belt was detected by MIMI in the gap between 
the D ring and the top of Saturn’s atmosphere 
(127). Saturn’s main rings inhibit the inward 
passage of trapped charged particles that form 


5 of 6 


CREDIT: NASA/JPL/SPACE SCIENCE INSTITUTE 


RESEARCH | REVIEW | 


CASSINI’S GRAND FINALE 


radiation belts. Hence, the radiation belts out- 
side the main rings cannot interact with the 
inner radiation belt, providing an opportunity 
to study the inner belt and its interactions with 
the D ring. Ringlets in the D ring, including 
D68 and D73, control the structure and outer 
boundary, respectively, of this radiation belt. 

Cassini-Huygens’ 13-year exploration of the 
Saturn system has set the stage for future 
missions to Saturn, as well as to the ice giants, 
Uranus and Neptune. This mission leaves a leg- 
acy of discoveries that have changed our views 
of the Saturn system, how solar systems form, 
and the potential for life beyond Earth. 
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INTRODUCTION: The interior structure of 
Saturn, the depth of its winds, and the mass 
and age of its rings have been open questions 
in planetary science. The mass distribution 
inside a fluid and rapidly rotating planet like 
Saturn is largely driven by the ratio between 
centrifugal and gravitational forces. In static 
conditions, the planet should rotate uniform- 
ly and its gravity field should be axially and 
hemispherically symmetric and thus described 
by even zonal harmonics. However, optical 
tracking of clouds in the atmospheres of gas 
giants indicates that their rotation is not uni- 
form. If the velocity field seen at cloud level 
extends deep into the interior, then there is 
a redistribution of mass that modifies the 
gravity field. Gravity measurements there- 


Delta-velocity from Saturn’s 
differential rotation (mm/s) 


fore constrain both Saturn’s deep interior 
and the depth of its winds. They also provide 
the mass of its rings, which dynamical and 
compositional dating methods have shown is 
related to their age. 


RATIONALE: In its final 22 orbits, the Cassini 
spacecraft passed between the rings and the 
atmosphere of Saturn. In six of these orbits, 
while the spacecraft was in free fall under the 
combined attraction of Saturn and its rings, 
radio tracking from an antenna on Earth was 
established to measure the radial velocity of 
the spacecraft with accuracies between 0.023 
and 0.088 mm-s” at a 30 s integration time. 
Fitting these data with a dynamical model of 
the forces acting on the spacecraft allowed us 
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Delta-velocity from Saturn’s 
rings (mm/s) 


During the Grand Finale phase of its mission, Cassini passed between the inner edge 
of Saturn’s D ring and the cloud top, enabling the measurement of the ring mass. This 
orbit allowed gravitational acceleration of the rings to be disentangled from the much larger 
acceleration resulting from Saturn's oblateness, as they pull the spacecraft in opposite directions. 
The curves show the spacecraft velocity variation due to the rings and the differential rotation. 
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to determine the separate signatures from each 
zonal harmonic and the ring mass. 


RESULTS: The estimated quantities were a 
zonal gravity model for Saturn and the gravity 
from a uniformly distributed mass spanning 
the A, B, and C rings. Additional small accelera- 
tions of unknown origin (possibly related to a 
time-variable gravity field) 
were required to obtain 
a good fit of the data. The 
determination of Saturn’s 
static zonal coefficients and 
ring mass does not depend 
on the assumed source of 
these small effects. We found that the measured 
values of Js, Jg, and Jig are so large that they 
cannot be matched with interior models relying 
on uniform rotation and plausible composi- 
tions, but they are in agreement with interior 
models that assume deep differential rotation, 
extending from the equator into the interior 
up to distances of 0.7 to 0.8 Saturn radii from 
the spin axis. The equatorial outer layers of 
Saturn must rotate at an angular velocity that 
is 4% faster than that of the deep interior, 
whereas regions at higher latitudes must ro- 
tate 1 to 2% slower, regardless of the assumed 
rotation period. A thermal-wind approach shows 
that flow profiles that are similar in general 
character to the observed one yield solutions 
within the uncertainty of the gravity measure- 
ments when extended to a depth of ~9000 km, 
confirming that the flows are very deep and 
likely extend down to the levels where mag- 
netic dissipation occurs. 
We also found that the mass of the rings is 
0.41 times that of the Saturnian moon Mimas, 
which is at the lower end of the expected values. 


CONCLUSION: Saturn’s gravity field measured 
by Cassini implies a strong and deep differential 
rotation, extending to a depth of ~9000 km. 
This differs from Jupiter, where winds are shal- 
lower (~3000 km). The gravity measurements 
are consistent with a mass of Saturn’s core of 
15 to 18 Earth masses. 

The low value of the ring mass suggests a 
scenario where the present rings of Saturn are 
young, probably just 10 million to 100 million 
years old, to be consistent with their pristine 
icy composition. Nevertheless, the rings may 
have evolved substantially since their forma- 
tion and were perhaps once more massive than 
they are today. Models for a young ring system 
invoke the chance capture and tidal disruption 
of a comet or an icy outer Solar System body, 
suggesting that catastrophic events continued 
to occur in the Solar System long after its for- 
mation 4.6 billion years ago. 
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GAS GIANT PLANETS 


Measurement and implications of 
Saturn’s gravity field and ring mass 


L. Iess’*, B. Militzer”’?, Y. Kaspi*, P. Nicholson’, D. Durante’, P. Racioppa’, 
A. Anabtawi®, E. Galanti*, W. Hubbard’, M. J. Mariani’, P. Tortora®, 


S. Wahl’, M. Zannoni® 


The interior structure of Saturn, the depth of its winds, and the mass and age of its 

rings constrain its formation and evolution. In the final phase of the Cassini mission, 

the spacecraft dived between the planet and its innermost ring, at altitudes of 2600 to 
3900 kilometers above the cloud tops. During six of these crossings, a radio link with 
Earth was monitored to determine the gravitational field of the planet and the mass of its 
rings. We find that Saturn’s gravity deviates from theoretical expectations and requires 
differential rotation of the atmosphere extending to a depth of at least 9000 kilometers. 
The total mass of the rings is (1.54 + 0.49) x 10° kilograms (0.41 + 0.13 times that of 
the moon Mimas), indicating that the rings may have formed 10’ to 10® years ago. 


he mass distribution inside a fluid and rap- 

idly rotating planet like Saturn is largely 

driven by the ratio between centrifugal 

and gravitational forces. In the absence of 

internal dynamics, axial and hemispher- 
ical symmetry is expected, implying that when 
the gravitational potential is decomposed into 
spherical harmonics, only the even zonal har- 
monics appear (zonal harmonics are longitude- 
independent). Assuming hydrostatic equilibrium, 
interior models of gas giant planets indicate that 
the zonal coefficients Jz; can be approximated 
by Jox = ang’, where g is the ratio of the cen- 
trifugal and gravitational acceleration at the 
equator (~0.16 for Saturn), & is a positive integer, 
and the coefficients a; depend on the density 
profile inside the planet (7). 

Optical tracking of clouds indicates that dy- 
namical phenomena operate on Saturn and 
Jupiter. The measured zonal (west-east) wind 
velocity field suggests a state of differential rota- 
tion (DR), whereby the angular velocity at any 
location depends on its distance from the axis of 
rotation and the depth along this axis (2, 3). If the 
velocity field seen at the top of the atmosphere 
(conventionally defined as the level of 1 bar 
pressure) continues into the interior, then inter- 
nal dynamics are expected to affect the gravita- 
tional field in two ways. First, the equipotential 
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surfaces are perturbed symmetrically, redistribut- 
ing mass in such a way that the even zonal co- 
efficients deviate from the relation Jo; ~ g® (2). 
Second, any north-south asymmetry in the veloc- 
ity field leads to nonzero values of the odd zonal 
harmonics (4). These theoretical expectations have 
been confirmed by the Juno mission at Jupiter 
(5-7), where gravity measurements showed that 
zonal winds are 2000 to 3000 km deep and sug- 
gest that the heavy-element core is diffuse (8). 

Gravity measurements at Saturn can be used 
to determine the mass of its rings, which is re- 
lated to their age, by dynamical and composi- 
tional dating methods (9-11). Before the Grand 
Finale phase of the mission, the pericenter of 
Cassini’s orbit was always outside Saturn’s A ring, 
so that the gravitational effects of the rings could 
not be separated from those of the oblateness of 
the planet. During the Grand Finale, Cassini flew 
between the planet and the rings. This geometry 
effectively breaks the degeneracy between the even 
zonal field and the mass of the rings, providing 
a direct, dynamical estimate of the ring mass. 


Cassini gravity measurements 


We determined Saturn’s gravitational field by 
reconstruction of Cassini’s trajectory during the 
Grand Finale using a coherent microwave link 
between Earth tracking stations and the space- 
craft. Range-rate measurements were obtained 
from the Doppler shift of a carrier signal sent 
from the ground at 7.2 GHz (X band) and re- 
transmitted back to Earth by Cassini’s onboard 
transponder at 8.4 GHz. An auxiliary downlink 
at Ka band (32.5 GHz) was also recorded. 

In April 2017, Cassini was inserted into a 
series of inclined, highly eccentric orbits, grazing 
Saturn’s cloud tops at each pericenter (table S1). 
The orbit nodes were chosen such that the angle 
between the orbit normal and the direction to 
Earth is close to 90°. This edge-on condition 


provides the maximum projection of the space- 
craft velocity along the line of sight, making it 
optimal for range-rate measurements and grav- 
ity estimations. 

Of the 22 Grand Finale orbits (designated 
Rev 271 through Rev 293), six were selected for 
gravity measurements. Five orbits (Revs 273, 274, 
278, 280, and 284) provided useful data (data 
from Rev 275 were lost because of a station con- 
figuration error). These orbits were selected to 
minimize neutral particle drag and maximize 
the spacecraft viewing period around closest 
approach (C/A). 

We produced an orbital solution based on 
5 data arcs, using Doppler observations with 
count times of 30 s, spanning a period of 24 to 
36 hours enclosing each closest approach. Track- 
ing data were acquired by the antennas of the 
three complexes (Goldstone, USA; Madrid, Spain; 
and Canberra, Australia) of NASA’s Deep Space 
Network (DSN), and two deep space antennas 
from the European Space Agency’s ESTRACK 
network, located in the southern hemisphere 
(Malargiie, Argentina, and New Norcia, Australia). 

Two-way Doppler measurements at X band 
make up 93% of the dataset (72), with the addi- 
tion of a few three-way passes to fill gaps during 
ground station handovers. Available X-band range 
observables are also included. All data with either 
uplink or downlink elevation below 15° were dis- 
carded to avoid systematic measurement errors 
due to imperfect calibration of path delays in 
Earth’s troposphere. Calibrations of the tro- 
pospheric and ionospheric path delays were 
provided by the DSN on the basis of pressure, 
humidity, and Global Positioning System data. 
Noise from solar plasma, which can strongly 
affect X-band radio links, was low owing to the 
large solar elongation angle (>142° on all six grav- 
ity orbits) (73). The data quality was statistically 
equivalent in X- and Ka-band data, with a root 
mean square Doppler noise between 0.020 and 
0.088 mm-s~! at a 30-s integration time (fig. S1 
and table S1). For comparison, the Doppler sig- 
nals due to the weakest measurable harmonics 
(Js, Jyo) and Saturn’s ring are 40 to 200 times 
larger than the average Doppler noise (fig. S2). 

The X-band Doppler data were favored in our 
analysis because of the higher signal-to-noise 
ratio during the unavoidable ring occultation 
periods. The radio link was maintained during 
the occultations, except for a blockage of ~10 min 
on each orbit when the signal crossed the opaque 
core of the optically thick B ring (region B3). A 
second, longer blockage period due to ring oc- 
cultations occurred on the outbound leg of the 
gravity orbits. Diffraction and near-forward scat- 
tering of the radio signal by ring particles caused 
an increase in the Doppler noise at X band by a 
factor of 2 to 3 during the occultation periods. Ka 
band is more sensitive to this effect and suffered 
repeated signal losses. 


Dynamical model 


Our orbital fitting is based on the dynamical model 
previously adopted and tested in the determi- 
nation of the gravity fields of Titan (74) and 
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Enceladus (15), implemented in the Jet Propulsion 
Laboratory (JPL) navigation code MONTE (16). 
The model was extended to include Saturn’s 
gravitational parameter GM (where G is the 
gravitational constant and &™ is its mass), the 
zonal harmonic coefficients J to Joo, the tesseral 
dongitude-dependent) field of degree 2 (to ac- 
count for possible nonprincipal axis rotation), 
and the mass of the rings. The truncation of the 
zonal field was set to twice the degree of the 
highest gravity harmonic whose central value is 
above the uncertainty (degree 10). The estimate 
of the even zonal harmonics used in our inter- 
pretation (degree < 10) is insensitive to changes 
in the truncation. Although this model was ade- 
quate for fitting Juno gravity data at Jupiter 
(5), obtained in an orbital configuration simi- 
lar to Cassini’s Grand Finale, it could not re- 
duce Cassini’s Doppler residuals to the noise 
level. Instead, small stochastic accelerations 
were added to the model (see below) to produce 
signature-free residuals (fig. S1). 

Although all the rings are included in the dy- 
namical model, only rings A, B, and C can pro- 
duce an acceleration potentially detectable by 
Cassini. The rings are assumed to be coplanar 
with Saturn’s equator, and each is assumed to 
have a constant surface mass density (the data 
are insensitive to radial variations of the density). 
Space- and ground-based measurements of ring 
occultations provide the determination of Saturn’s 
spin axis position and precession rate (17). Al- 
though Doppler data are sensitive to the orien- 
tation of Saturn’s equatorial plane, we adopt 
the prior determination because it is about ten 
times more accurate than that obtained from our 
orbital fitting. 

Accelerations that are known to be large enough 
to produce noticeable signatures on range-rate 
data were accounted for. These include the point- 
mass gravitational accelerations from Saturn and 
its satellites (including the ring moons), computed 
from the JPL planetary and satellite ephemerides 
DE430, SAT389, and SAT393 (8), the accelera- 
tion from the Sun, the planets and satellites of 
the Solar System, and Saturn’s tidal response to 
its satellites (12). 

The acquired Doppler data were combined in 
a multi-arc, weighted least-squares estimation 
filter. In the multi-arc approach, the entire time 
span of the observations is decomposed into 
shorter intervals, and a distinction is made be- 
tween global and local estimated parameters. 
Global parameters are common to all arcs and 
estimated using all available observables. These 
include Saturn’s GM, J, through Jy, C1, C22, Soi, 
Soo, and the masses of the A, B, and C rings. Al- 
though the estimates of the masses of the three 
rings are highly correlated, their sum is well deter- 
mined. The ring masses were initially set to the 
current best estimates of their values from ring 
occultation data (79-21), with an a priori un- 
certainty of 100% (see table S2). The mass of 
the B ring had a large uncertainty of 10 Mimas 
masses (Saturn’s moon Mimas has a GM of 
2.5026 km?-s 2). The sum of the masses of Saturn 


and its rings was constrained to be equal to the 
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value (and uncertainty) estimated from satellite 
ephemerides (18). 

Local parameters are those that belong only to 
a single arc and a different value was estimated 
for each arc. These included the Cassini position 
and velocity when the gravity observations began 
in each of the five orbits, at least 12 hours before 
transit at pericenter. The a priori uncertainties 
for position and velocity were set at 100 km and 
1 m-s"’, respectively. 

In the estimation filter, parameters whose un- 
certainties are large enough to contribute to the 
final covariance matrix have been included as 
consider parameters. These include the Love 
number /99 (determining Saturn’s tidal response), 
Saturn’s pole direction, accelerations due to ther- 
mal emission from Cassini’s radioisotope thermo- 
electric generators (RTGs), and solar radiation 
pressure. The nominal value and a priori uncer- 
tainty of the Love number are taken from pre- 
vious Cassini constraints (22), as were the pole 
position and precession rate (17). The anisotropic 
thermal acceleration from the RTGs was deter- 
mined to 5% or better during the Cassini mission 
by the navigation team. The relative uncertainty 
associated with solar radiation pressure accelera- 
tion was set to 20%. 


Gravity determination 


Our deterministic model, based on the geophys- 
ical expectations for the gravity field of a gas 
giant like Saturn, can adequately fit the Doppler 
data if each arc is analyzed separately. However, 
the same model cannot jointly fit all passes in a 
combined, multi-arc, gravity and orbital solu- 
tion. The signatures in range-rate residuals are 
as large as 0.2 mm-s”’ over time scales of 20 to 
60 min, corresponding to radial accelerations of 
the order of 10’ m-s . This value is an under- 
estimate of the real unmodeled accelerations, as 
a large fraction of them are aliased in those asso- 
ciated with estimated parameters. The unmod- 
eled accelerations acting on Cassini must be 
compensated for, to avoid biases in the estimates 
of the gravity harmonics and ring mass. 

The missing accelerations could be due to 
longitudinally varying density anomalies result- 
ing from wind dynamics or convection in Saturn’s 
deep interior (23). For a rocky planet, the corre- 
sponding gravitational field would be static and 
described by tesseral harmonics. However, this 
approach is not immediately applicable to a fluid 
planet like Saturn, because vortices move longi- 
tudinally with different speeds depending on 
latitude. The resulting gravity disturbances 
(caused by the nonzonal wind dynamics) would 
not be static in any reference frame for the 60-day 
duration of the Cassini gravity measurements. 
However, if the density anomalies are deep- 
seated, below the level of the zonal winds and in 
the region of uniform rotation, then a static 
tesseral field associated with convection might 
be maintained over time scales much longer 
than the duration of the experiment. 

Although a high-degree tesseral field can fit 
the data, the required degree increases with the 
number of passes analyzed and depends on the 


assumed rotation period. Several measurements 
of Saturn’s rotation period have been made using 
different techniques. In our analysis we use 
four values—10 hours 32 min 45 s (24), 10 hours 
39 min 22 s (also called System ITT) (25), 10 hours 
45 min 45 s (26), and 10 hours 47 min 6 s (27)— 
leading to a required tesseral field of degree and 
order ranging from 8 to 12 (fig. S4). However, the 
determination of the tesseral field amplitudes is 
nonunique, because of the uncertainty in the 
underlying rotation rate of the deep interior (12). 

Another potential solution is to assume a time- 
varying field, generated by acoustic oscillations in 
the planet (28). Fundamental mode oscillations 
(f-mode, with radial order equal to zero) have 
been detected by analysis of density waves in the 
C ring (29). These waves were also detected in 
Cassini ring stellar occultation data and are 
identified with sectoral modes which have an 
azimuthal order 2 < m < 10 (sectoral harmonics 
depend only on longitude). However, their abso- 
lute amplitudes are not well determined. In 
principle, an infinite number of modes can exist 
within Saturn, only a subset of which can drive 
waves in the rings. The inclusion of such normal 
modes in the dynamical model is possible, but 
the choice of the relevant modes is not unique. 
We found that different combinations of modes 
can fit the data but that it is impossible to iden- 
tify unambiguously the dominant ones with the 
limited data available. 

A more general approach, often adopted in 
orbit determinations in the presence of unknown 
or poorly modeled dynamics, is to assume em- 
pirical, random accelerations unrelated to any 
specific physical model. In the absence of geo- 
physical evidence to pinpoint the root cause of 
the residual accelerations, we used this approach 
to obtain the baseline solution shown in Table 1. 
Our goal in this analysis was to disentangle the 
estimates of the zonal harmonics and the ring 
mass from the unmodeled accelerations. As an 
additional check on the robustness of the solu- 
tion, we compared the baseline solution with solu- 
tions obtained using a tesseral field and multiple 
normal modes (72). 

These random accelerations are assumed to 
act on Cassini’s orbit for a limited time span cen- 
tered on pericenter and estimated in the orbital 
frame as local parameters. On each arc, these 
accelerations can act for equal-duration intervals 
at a constant value. The duration and the a priori 
uncertainty of the constant accelerations are 
adjustable parameters. In principle, it is desir- 
able to optimize the number and duration of the 
intervals to avoid a degradation of the solution 
accuracy because of the over-parametrization of 
the problem. The a priori uncertainty must also 
be minimized to avoid aliasing part of the zonal 
gravity signal into the piecewise-constant accel- 
erations. The minimum value of the a priori 
uncertainty (corresponding approximately to 
the largest allowed value of the random accel- 
erations) represents the order of magnitude of 
the dynamical model’s incompleteness. 

We found that random accelerations with an 
a priori uncertainty of 4 x 10~’ m-s-, acting for 
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Table 1. Measured gravity harmonic coefficients of Saturn (unnormalized; reference radius: 
60,330 km) and total ring mass (in units of Mimas mass). The J2 value includes a constant tidal 
term owing to the average tidal perturbation from the satellites. The associated uncertainties are 
recommended values to be used for analysis and interpretation. For the zonal harmonics, they 
correspond to three times the formal uncertainties. The solution for the total ring mass (A + B + C) 
is stable independently of the adopted dynamical model (table S2) and the uncertainty reported 

is the 1o formal uncertainty. See table S2 for our total ring mass estimates for several models of the 


unknown accelerations. 


Parameter 


Jo (x 10) 


Ja (* 10°) 


Ring mass (My) 


107 


Value 


16,290.573 


Uncertainty 
0.028 


107 


10° 


Unnormalized zonal coefficient, |./J,,| 


10° 


CH, oo) Uncertainty 


@ Uniform rotation 
@ Observed value 


Degree, n 


Fig. 1. Zonal gravity harmonic coefficients Jz to Jy2. The dashed line shows the uncertainties from 
Table 1. Positive values are marked as solid circles, negative values as empty circles. Theoretical 
predictions for uniform rotation (Table 2) are plotted with red diamonds (solid for positive values, 
empty for negative values) and diverge from the measurements at degrees > 8 (see also fig. S6 for a 


comparison with Jupiter). 


10-min intervals within +1 hour from pericenter, 
are able to remove the excess signatures in the 
Doppler residuals. The profile of the estimated 
random accelerations is reported in fig. S3. 

The reference multi-arc solution is reported in 
Table 1 and Fig. 1. Before Cassini’s Grand Finale, 
the determination of Saturn’s even zonal coef- 
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ficients J2, J,, and Jg was obtained from per- 
turbations of the orbits of the moons, as well as 
from direct perturbations on Cassini itself (78). 
The data acquired during the Grand Finale orbits 
are consistent with these previous estimates; 
they also provide determination of the higher- 
degree gravity harmonics (Jg and Jjg) and the 


odd harmonic coefficients Jz and J;, the only odd 
harmonics whose values are larger than the as- 
sociated uncertainties. 

The data effectively constrain the sum of the 
masses of the A, B, and C rings, but the individual 
masses are poorly determined because of their 
large mutual correlations. However, the masses 
of the more-transparent A and C rings have been 
estimated from density waves seen in stellar 
occultations (20, 27). We therefore estimated 
the masses of the A and C rings subject to those 
constraints (a priori values and uncertainties). 
Our final estimates of the A and C ring masses 
are essentially the same as the a priori values 
(see table S2). The uncertainty in the total ring 
mass (Table 1) is obtained from the correlation 
submatrix of the A, B, and C ring masses. We 
find a total ring GM value of 1.02 + 0.41 km*-s~?, 
equivalent to 0.41 + 0.13 Mimas masses (lo un- 
certainties) (table S2). 

The alternative tesseral field and normal modes 
approaches were compared with the piecewise- 
constant acceleration case to check the stability 
of our solution (72). The three solutions are in 
agreement with each other, as shown by the error 
ellipses in fig. S4 for pairs of gravity harmonics 
and in table S2 for the ring masses. We conclude 
that the estimate of the zonal harmonics is 
robust and largely independent of the dynamical 
model. This is especially true for the ring mass, 
which is consistent in all models and insensitive 
to the assumptions. 


Saturn interior models with 
uniform rotation 


Although gravity measurements provide con- 
straints on the interior of gas giants, every model 
using gravity data unavoidably suffers from un- 
certainties. We tested whether interior models 
based on uniform rotation can explain the mea- 
sured gravity harmonics. We developed a suite of 
interior models based on the common assump- 
tion that the fluid in Saturn’s interior rotates 
uniformly like a solid body. All our models have a 
molecular and a metallic layer, each represented 
by an adiabat (a constant entropy curve in the 
temperature-pressure diagram) consistent with 
an equation of state (EOS) for hydrogen-helium 
mixtures determined from first-principles simu- 
lations (30, 37) and characterized by an entropy, 
S, a helium mass fraction, Y, and a mass fraction 
of heavy elements, Z. We assume that helium 
rain occurs in Saturn’s interior wherever hydro- 
gen and helium become immiscible, because 
hydrogen becomes metallic but helium does not 
(32). We thus introduce a helium rain layer that 
starts and ends at pressure-temperature condi- 
tions that are compatible with the hydrogen- 
helium immiscibility zone. We treat the helium 
rain layer as a smooth transition of the param- 
eters across a range of pressures P, to Ps, defined 
by the intersections of the adiabat with the im- 
miscibility curve (32). These adiabatic profiles 
are thus described by six parameters (Sino, Ymov 
Zmolb Smet: Ymet Zmet), Where the subscript “mol” 
denotes the outer molecular envelope and “met” 
the inner metallic envelope. The models match 
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the planet’s total mass and include dense cores 
of various sizes. Initially, we assumed a frac- 
tional radius of the core as r, = 0.2 (33) and 
later refined the core radii by assuming a ter- 
restrial iron-silicate composition (0.325:0.675) 
as well as a solar iron-silicate-water ice composi- 
tion (0.1625:0.3375:0.5), which is consistent with 
Callisto’s interior (34). For these two composi- 
tions, we derived fractional core radii of 7, = 
0.188 and 0.231, respectively, assuming hydro- 
static equilibrium inside the core and previously 
published equations of state (35). 

For each set of parameters, we construct a 
model for Saturn’s interior by performing a cal- 
culation with the concentric MacLaurin spheroid 
(CMS) method (36, 37) to find a self-consistent 
shape and gravitational field for the planet. The 
simulation suite includes models with the four 
uniform rotation periods for Saturn’s interior 
observations (24-27). A range of interior distri- 
butions of helium were adopted, with a gradual 
gradient at a depth consistent with the phase 
diagram (32), and the planet-wide mass fraction 
of helium matching the solar fraction (38). A wide 
range of Y;,o1 was considered, bounded by the 
solar helium fraction Y = 0.274 and the lowest 
prediction Y = 0.055 from infrared measure- 
ments of Saturn’s atmosphere by Voyager (39). 
The range in entropy of the deep interior (Sinet) 
is between the value in the outer envelope S,,o) = 
6.84 and the maximum value consistent with 
the predicted hydrogen-helium phase separa- 
tion conditions, S ~ 7.20. Values of Zo) up to 
five times solar fraction and fractional core 
radii up to 0.3 were considered. In each model, 
the core mass and deep heavy-element fraction 
(Zmet) Were tuned to match the observed Jo, 
and an iterative approach was used to identify 
the narrower range of model parameters match- 
ing the observed J,. 

The resulting gravity harmonics are compared 
in Table 2 with the Cassini observations. Although 
a subset of the uniform rotation models is found 
to simultaneously match the observed Jz and J,, 
the magnitudes of the observed values for Je, Jg, 
and Jj are much larger than those predicted by 
the uniform rotation models (Fig. 1 and section 6 


of the supplementary materials). Despite the 


wide range of physical parameters and interior 
structures considered, the tight correlation be- 
tween J, and the higher-order harmonics Jg to 
Jo precludes any possibility of finding a model 
that simultaneously matches all the observed 
harmonics. This result is unlike the gravity mea- 
surements of Jupiter from the Juno spacecraft. 
In this case, static models can be constructed, 
for which all even harmonics differ by less than 
0.1 x 10° from the measurements (8), whereas 
Table 2 shows that the deviations for Saturn 
are much larger. 

To test the robustness of this result, we added 
additional flexibility to the interior density dis- 
tribution. Starting from a reasonable physical 
model, we introduced arbitrary density jumps of 
up to +4% at four points in pressure that were 
chosen at random. We fit the models to the 
observed Jz value but report the full range of the 
higher J.;, value without minimizing the discrep- 
ancy from the observations. These additional 
density modifications increased the range of all 
Jox Values in our ensemble of models (Table 2), 
but a sizable discrepancy from the observed Js, 
and Jj values remained. Figure 1, fig. S6, and 
Table 2 show the large and systematic deviations 
between the observations and models that assume 
uniform rotation. This demonstrates that specific 
assumptions regarding the EOS and conditions 
of helium rain cannot explain the inability of the 
models to match the higher-order harmonics. 

The inability to reproduce the unusually large 
values of Jg, Js, and Jyo leads us to conclude that 
models with uniform rotation are ruled out by 
the gravity data. Instead, the observations re- 
quire us to introduce DR (2) into our models for 
Saturn’s interior. We study its effects with two 
different techniques. First, we introduce DR on 
cylinders into the CMS method, which allows 
us to construct consistent interior models but 
requires constant rotation rate on cylinders that 
penetrate all the way through the planet. Second, 
we use the thermal-wind method (3) to derive 
the difference in the gravity signature between 
a uniformly and a differentially rotating body. 
The latter approach has the advantage that the 
DR profiles can have a finite depth and are not 
required to be north-south symmetric. 


Differential rotation on cylinders with 
the CMS method 

In the CMS with DR approach, we simulta- 
neously optimize interior parameters and DR 
profiles, w(J), where is angular frequency and J 
is the cylindrical radius from the axis of rota- 
tion. We derive a centrifugal potential, Q(/) = 
{idl U w(U)?, that we introduce into the CMS 
method (2, 40, 41). Because this approach is 
based on potential theory, w(Z) can only depend 
on J and may not decay with depth along the 
cylinders. The benefit of the combined CMS + 
DR approach is that it represents a fully self- 
consistent velocity profile, interior density dis- 
tribution, and gravitational field, rather than 
treating the winds as a correction to a model with 
uniform rotation. 

We find that the assumption of DR can account 
for the unusually large magnitude of coefficients 
J¢ to Jyo. By assuming Saturn’s equatorial region 
rotates ~4% faster than the deep interior, agree- 
ment between models and data for all coefficients 
J» to Jo can be achieved (Table 2). This assump- 
tion is also compatible with the equatorial part of 
the wind profile obtained from optical observa- 
tions (42), showing strong eastward flow near 
the equator. We thus favored models that were in 
general agreement with the observed winds when 
we subsequently constructed an ensemble of in- 
terior models. For the planet’s deep interior, we 
assumed the same four rotation periods as above 
(24-27). 

Starting from a parameter set chosen at ran- 
dom, we performed ~10* independent model 
optimizations with the simplex algorithm. The 
11 best models were used as starting points for 
subsequent Markov chain Monte Carlo (MCMC) 
calculations to explore the allowed parameter 
space more carefully. Models that matched the 
observed gravitational moments J, to Jyo are 
compared in Figs. 2 and 3. Figure 2 shows the 
rotational velocity profiles as a function of / and 
compares these to the corresponding north- 
south averaged surface winds derived from opti- 
cal tracking of clouds (42, 43). 

From the best-fitting MCMC models, we se- 
lected quantities to elucidate the allowed region 
of parameter space (Fig. 3). Models that assume 


Table 2. Comparison of observed and calculated gravitational harmonics (unnormalized; reference radius: 60,330 km). Where two values are given, 
they denote the minimum and maximum values from the suite of models. The physical models in column 3 match the observed Jz and J, in Table 1, over a 
parameter space considering ranges of Smet, Ymot Zmol, and r. and rotation periods from 10 hours 32 min 44 s to 10 hours 47 min 6 s. For the same span of 
rotation periods, column 4 reports a wider range from models that match only Jz and allow for density modifications assuming r. = 0.2. For Je to Jio, the 
discrepancy between measurements and uniform rotation models is large for all models that assume uniform rotation. Column 5 shows a representative 
model with DR on cylinders and a deep rotation period of 10 hours 39 min 22 s that matches measurements from J2 to Jjo. 


Parameter Measurements 


J2 16,290.573 + 0.028 


86.340 + 0.087 


Physical models with 
uniform rotation 


16,290.57 


Uniform rotation model with 
modified density profiles 


16,290.57 


Physical model with 
differential rotation 


16,290.573 


4.672 + 0.420 
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Ratio of rotational frequency, w(/)/Wo 


Fig. 2. Differential rotation profiles for CMS models. CMS profiles are compared with north- 
south symmetrized wind profiles from optical observations (42) (black line) and (43) (dashed 
orange line). Our Monte Carlo averages for models with three different rotation periods, P, and core 
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Fig. 3. Composition of parameters 
from six sets of interior models 
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core masses between 15.0 and 18.2 Earth masses 
best match the gravity measurements (Fig. 3A). 
This range of core masses is broadly consistent 
with predictions of earlier models (44-47) built 
on previous gravity measurements and different 
assumptions for the EOS or structure of the deep 
interior. The predicted core masses increase if 
a smaller core radius is assumed, because the 
H-He mixture surrounding the core is exposed 
to higher pressures and becomes denser. The 
core masses also increase when a longer rota- 
tion period is assumed. As the total planet mass 
is constrained, the core mass anticorrelates with 
the fraction of heavy elements in the envelope 
(Zmoi)- IN comparison to the core (which we 
assume here consists entirely of elements heavier 
than helium), the mass of heavy elements in the 
envelope is relatively small, with a permitted 
range of 1.3 to 4.8 Earth masses. By contrast, 
analogous interior models of Jupiter predict 
a core mass slightly lower than Saturn’s, but 
with greater heavy-element enrichment in the 
deep envelope (8). Figure 3B shows the corre- 
lation between Yet + Zmet and entropy of the 
metallic region Set, An increase in entropy 
implies a higher temperature and a lower den- 
sity. This density reduction can then be com- 
pensated by higher fractions of helium and 
heavy elements. 


rc=0.200 
rc=0.200 


° P= 10h39m2z2s, rc=0.188 
= P= 10h39m22s, rc=0.231 


0.30 
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The helium fraction in the metallic layer and in 
the molecular layer are linearly related (Fig. 3C), 
as we require all models to have an overall solar 
helium abundance in the envelope. All models 
assumed that some helium rain has occurred, 
depleting the molecular layer and enriching the 
metallic layer in helium. We find that almost no 
helium sequestration is predicted for models that 
assume the longer rotation periods of 10 hours 
45 min 45 s or 10 hours 47 min 6 s. This effec- 
tively removes one degree of freedom for the 
interior models and further constrains the range 
of other model parameters. For example, when 
we performed MCMC simulations with variable 
core radii for a period of 10 hours 47 min 6 s, no 
models with core radius larger than 0.21 and core 
masses larger than 17.2 Earth masses were ob- 
tained. Figure 3D shows that the heavy-element 
fraction in the molecular envelope may vary be- 
tween 1 and 3.5 times the solar value. The heavy 
Z fraction is anticorrelated with the helium frac- 
tion, which implies that there is only limited 
capacity for elements heavier than hydrogen. 
Longer rotation periods imply that there is a 
greater capacity for such elements. 

All models that match the even gravity har- 
monics (Jz to Jjo) show a rapid decrease in an- 
gular velocity from / = 1.0 to / ~ 0.9 (Fig. 2). For all 
rotation periods under consideration, our CMS + 
DR models also require a minimum region near 
1 ~ 0.83 where the fluid rotates slower than in the 
deep interior. This radius corresponds to a depth 
of ~10,000 km from the surface at the equator. 
By construction, the DR profiles converge to the 
assumed rotation rate for small /. The CMS + DR 
models are unable to reproduce the wind profile 
for small / (high latitudes) because we assume 
DR on cylinders. 


Differential rotation with finite 
depth flows 


An alternative approach, the thermal-wind meth- 
od (3), can incorporate wind profiles with a finite 
depth. In this approach, the flow is not limited 
to full cylindrical symmetry and the flows are 
not required to be equal in the Northern and 
Southern hemispheres. This allows the model to 
account for both the even and odd gravity har- 
monics; the latter reflect a north-south asymmetry 
in the gravity field (4). It has been shown that for 
the barotropic case (flows limited to cylindrical 
symmetry), the thermal-wind and the CMS method 
with DR produce consistent results (41, 48). We 
apply the thermal-wind method using an adjoint 
inverse model (49), where the measured gravity 
harmonics in Table 1 are used to identify the flow 
structure that best fits the data. Although it has 
these advantages, the thermal-wind method can 
only account for the dynamical part of the grav- 
ity spectrum (attributable to the flows), and 
therefore relies on having prior knowledge of 
a reference interior model for the even gravity 
harmonics. The predicted gravity values thus de- 
pend on the reference model (Table 2). 

For Jupiter, the extension of the cloud-level 
flow into the interior results in a gravity spec- 


trum that matches the observations (6) and the 
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background density profile. The case of Saturn 
is more complicated. We find that regardless of 
the vertical structure of the zonal flow, with the 
background density profiles corresponding to 
the 11 models discussed in the previous section, 
extending the observed cloud-level flow (43) into 
the interior results in dynamical gravity harmon- 
ics (AJ,,) that are too small by at least a factor of 
two. For example, the gravity signature of the 
observed surface winds extended along cylinders 
to large depths gives roughly AJ, = -1.5 x 10°° 
and AJyg = 1 x 10°° (4, 50). The measured J, and 
Jip are -14.6 x 10° and 4.7 x 10~°, respectively, 
whereas the uniform rotation contribution is, 
at most, -9 x 107° and 1 x 10°° (Table 2). This 
implies that the observed cloud-level flow cannot 
account for the difference between the measure- 
ments and the uniform rotation contribution 
regardless of how it extends into the interior. As 
seen in Fig. 2, the only way to match the data is 
to alter the latitudinal profile of the zonal wind, 
by assuming that, because of other processes, the 
bulk of the sub-cloud-level flow does not resemble 
that observed at cloud level. 

Therefore, to match the Cassini gravity mea- 
surements, another degree of freedom is added 
to the thermal-wind gravity inversion, whereby 
the meridional profile of the flow is allowed to 
vary from the observed winds in addition to the 
flow depth. We then optimize for the depth and 
meridional structure of the zonal flow so that 
the calculated gravity harmonics match the mea- 
sured values. To compare the results to those of 
the hemispherically symmetric CMS method, and 
because, unlike Jupiter (6), the odd harmonics are 
small and contribute little to the flow structure, 
we use only the even gravity harmonics, focusing 
on those which are most strongly affected by the 
flows, namely Jg and Jjo, Because of the uncer- 
tainty resulting from the uniform rotation ref- 
erence model, and the nonuniqueness of the 
problem, there is little merit in optimizing for 
the vertical profile of the flow, as can be done 
for Jupiter (6), so the vertical decay is approxi- 
mated by a radial hyperbolic tangent profile with 
a width of 500 km and is then optimized for its 
depth. 

The reconstructed meridional profile of the 
zonal flow at the planet’s surface is shown in 
Fig. 4A, achieved with a vertical profile depth 
of 9363 + 357 km. With these parameters, we 
are able to match the measured values of Jg and 
Ji, once the uniform rotation contribution in 
Table 2 is subtracted. Both gravity harmonics are 
within the uncertainties of the measured values 
(Table 3). The AJ we optimize for are calculated 
from the difference between the measurements 
and the 11 preferred models run without DR and 
using the Voyager rotation period. Although the 
reconstructed zonal wind profile varies from the 
observed one, it still retains its main character- 
istics (Fig. 4A). The uncertainty of the wind depth 
is obtained from the variance in the 11 solutions 
of the internal models, the variance in the inter- 
nal models and thermal-wind calculation for dif- 
ferent rotation rates between 10 hours 32 min 
and 10 hours 47 min, and using different internal 


models, by statistically varying the depth, and 
finally searching for solutions that satisfy the 
condition that both harmonics are within the 
uncertainties. In all cases, the reported depth is 
the inflection point of the hyperbolic tangent 
vertical profile. The exact meridional structure 
of the zonal winds is not uniquely determined, 
meaning that other profiles can give results 
within the measurement uncertainties. 

Regardless of the exact meridional profile, all 
vertical flow profiles are constrained to contain 
a very deep flow of ~9000 km. This depth, cor- 
responding to 15% of Saturn’s radius, matches 
the predictions from magnetohydrodynamic 
theories, suggesting that the flow should ex- 
tend down to the levels of magnetic dissipation 
(51, 52). It has been suggested that a higher- 
order expansion to the vorticity balance, beyond 
a thermal wind, is necessary to reproduce the 
dynamical gravity harmonics (53). To compare 
those solutions [known as the thermal-gravity 
equation, (53)], we calculate the gravity har- 
monics using the thermal-gravity equation for a 
similar wind profile. The comparison (Table 3) 
shows that the solutions from both methods are 
within the observational uncertainties, confirm- 
ing that the thermal-wind solution is the leading- 
order vorticity balance (48). The thermal-gravity 
solution was obtained by solving the full integro- 
differential equation on a sphere (54). 

The CMS solutions with DR on full cylinders 
show a flow signature only for distances from the 
axis of rotation / = 0.6 (Fig. 2). Using the thermal- 
wind inversion model, we can examine the nature 
of the optimized flow obtained under a similar 
restriction. In Fig. 4B, we show that taking the 
same approach with the thermal-wind model, 
restricting the flow to be equatorward only for 
1 = 0.6 (latitudes < 60°), gives similar results. 
The reconstructed flow in this case is not as close 
to the observed flow as in the unrestricted case 
(Fig. 4A) but still gives results within 1o of the 
deviation uncertainty (Table 3). We also find a 
large flow depth of 8832 + 295 km in this solu- 
tion. The deviations between the two flow models 
in Fig. 4 illustrate the nonuniqueness in the 
resulting flows when gravity harmonics AJg and 
AJio are modeled. However, all our thermal-wind 
flow solutions show strong westward flow near 
latitude 35°, which is in agreement with the 
westward flowing region calculated with the 
CMS model in Fig. 2. These results were cal- 
culated for a rotation period of 10 hours 39 min 
22 s; because the high-degree harmonics are 
weakly affected by the rotation rate (55), we 
expect consistent results if a different period 
is assumed. 

We find therefore that with the thermal-wind 
approach, extending the exact observed flows 
into the interior in a simple manner does not 
lead to an exact match of measured gravity values. 
However, flow profiles that are similar in general 
character to the observed ones (Fig. 4) yield solu- 
tions within the deviation uncertainty when ex- 
tended to a depth of ~9000 km, indicating that 
the flows are very deep and likely extend down to 
the levels of magnetic dissipation. 
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Fig. 4. Comparison of observed and 
reconstructed wind profiles. (A and 

B) Observed zonal winds relative to the 
Voyager rotation rate 10 hours 39 min 32 s 
(43) and meridional profiles of the zonal 
wind, optimized with the thermal-wind 
method, for a full pole-to-pole wind profile 
(A) and a wind profile truncated at latitude 
60° (B). In both cases, the flows must 

to extend to a depth of ~9000 km for the 
computed gravity signal to be consistent 
with observations for Jg and Jio. The dashed 
blue line is one of the CMS models shown 
in Fig. 2 projected into geocentric latitude 
at the planet's surface, and the red shading is 
the calculation uncertainty on the optimized 
meridional profile of the zonal wind. 
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Table 3. Contribution to the higher gravity harmonics AJg and AJio resulting from differential rotation and thermal-wind optimization. The deviation 
(column 1) is the difference between the measured Jg and Jjo (Table 1) and the average of the computed values from the 11 CMS models with uniform rotation 
(Table 2). Two optimizations are shown: one without latitudinal truncation of the zonal flow, resulting in the reconstructed zonal wind profile shown in Fig. 4A 
and with a flow depth of 9363 km (column 2), and the second with the flows truncated at latitude 60° (Fig. 4B) and a flow depth of 8832 km (column 3). 
Columns 4 and 5 show the deviations calculated with the thermal-gravity equation (48) for similar wind profiles. The solutions from thermal wind are closer to the 
measurement because the optimization was done using the thermal-wind method, but the thermal-gravity solutions also match the observations within 10%. 


Thermal-wind solution 


Thermal-gravity solution 


Thermal-gravity solution 
truncated at latitude 60° 


Parameter Deviation Thermal-wind solution i 

truncated at latitude 60° 
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AJio 3.528 + 0.659 3.570 3.660 


The agreement between the CMS and thermal- 
wind solutions, based on two substantially differ- 
ent approaches, indicate that the interpretation 
of the Cassini gravity data is robust. Regardless of 
the exact interior model or vertical decay profile 
chosen, the flows must extend deep below the 
surface, to ~15% of the planet’s radius. 


Mass and age of Saturn’s rings 


We now consider the mass of the main rings (i.e., 
the A, B, and C rings) and how this quantity can 
constrain theoretical models for the age and 
origin of the rings. (The masses of the diffuse D, 
E, F, and G rings are expected to be negligible.) 
Before the Voyager flybys in 1980 and 1981, it was 
known that the cross section-weighted average 
ring particle radius was at least 10 cm, as re- 
quired to account for the rings’ high radar reflec- 
tivity (56). Voyager results provided estimates of 
the rings’ mass, on the basis of local surface mass 


densities determined from the wavelengths of 
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13 density waves in the A and B rings and an 
optical depth profile derived from a stellar oc- 
cultation (57). The estimated total ring mass was 
2.8 x 10° kg, or 0.75 Mimas masses. However, it 
was subsequently argued that substantially more 
mass might be hidden in the opaque parts of the 
B ring (58). 

Cassini observations of density waves in the 
rings have led to additional local surface density 
estimates of the A (20), C (29), and B rings (19). 
The B-ring density is higher than the others, with 
a mean value of ~600 kg-m~’, but not higher by 
as much as its large optical depth would suggest. 
Combining these estimates, we find a likely total 
ring mass of GM = 1.01 km*-s~°, or 0.40 Mimas 
masses. However, the presence of self-gravity 
wakes in the A and B rings has led to suggestions 
that substantial amounts of material may be 
present but does not contribute to density wave 
estimates. Numerical simulations of these struc- 
tures (58) suggest wake surface densities as high 


as 5000 kg-m~ and an upper limit to the total 
ring mass of 9.7 x 10” kg, or ~2.5 Mimas masses. 

Our estimate of GM = 0.58 + 0.48 km?-s? for 
the B ring, when combined with the previously 
determined GM products of the A (0.38 km?-s~) 
and C (0.06 km?-s~”) rings, leads to a total ring 
GM of 1.02 + 0.43 km*-s~°, equivalent to 0.41 + 
0.13 Mimas masses (table $2). This estimate is 
somewhat smaller than the Voyager value but 
consistent with those inferred from Cassini ob- 
servations of density waves. 

The ring mass has implications for the age 
of the rings (59). Traditional age estimates of 
Saturn’s ring-satellite system fall into three cate- 
gories: dynamical estimates based on the rate of 
recession of the small satellites from the rings 
owing to gravitational torques and the back- 
reaction on the A ring (J0, 60); structural evo- 
lution time scales based on the evolution of 
unconfined edges, such as the inner edges of the 
Aand B rings (77); and compositional time scales 
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based on the assumption that the rings were 
formed as pure water ice and have subsequently 
been steadily darkened by the infall of inter- 
planetary debris (9). Most of these time scale 
estimates depend, directly or indirectly, on the 
mass of the rings; both dynamical and composi- 
tional considerations suggest that low-mass rings 
are likely to be young, and both approaches yield 
evolutionary ages ~10° years for the A and B rings, 
assuming the Voyager measurements of ring 
masses and interplanetary impact fluxes (59). 
Low-mass rings therefore pose a challenge for 
models in which the ring system is assumed to 
have formed in the early Solar System. 

The Cassini results have sharpened these ar- 
guments. Analysis of the main rings’ non-icy 
fraction derived from their passive microwave 
emission, using the pre-Cassini interplanetary 
flux estimates and a minimum-mass B ring, led 
to estimates of the ages of the A and B rings of 
80 to 150 million years (Ma) and 30 to 100 Ma, 
respectively (67). Our revised mass estimate for 
the B ring would increase the latter estimate by 
~25%. Cassini dust measurements have also 
provided a refined estimate of the interplanetary 
dust flux at the rings (62), indicating that the 
interplanetary dust impact flux on the rings is 
higher by almost a factor of 10 compared to the 
Voyager estimates, because of an improved un- 
derstanding of the gravitational focusing by 
Saturn. These new dust fluxes would reduce the 
age estimates for the A and B rings. 

As the rings evolve viscously, they may spread 
radially beyond the Roche limit and therefore 
gradually lose mass to form new generations of 
small satellites, which would then move rapidly 
away from the rings (63). In this scenario, the 
rings would have been more massive in the past, 
with proportionally longer evolutionary time 
scales. Current models of viscous evolution (64) 
predict that such a ring would approach an 
asymptotic mass of ~1.5 x 10” kg, or 0.40 Mimas 
masses, after 5 billion years, close to our estimate 
of 0.41 + 0.13 Mimas masses. Taken at face value, 
and subject to the limitations of the simulations 
(which ignore the gravitational torques from the 
newly formed moons), this suggests that the 
rings may be older and formed with more mass 
than they have today. However, the simulations 
also show that a massive, primordial ring ini- 
tially loses mass very quickly before settling into 
a long period of progressively slower evolution 
(64). An old high-mass ring would thus quickly 
evolve to a mass not much greater than that 
measured today and would therefore still be 
subjected to rapid ballistic and compositional 
evolution. 

On balance, we favor a scenario whereby the 
present rings of Saturn are relatively young, at 
least compared with the planet itself, although 
they may have evolved substantially in the past 
10’ to 10° years and were perhaps once more 
massive than they are today. Our data do not 
indicate how the ring system formed within 
such a recent period. Models of that process 
invoke the chance capture and tidal disruption 


of a comet or Centaur (65, 66). Alternatively, 
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rings may arise from the catastrophic disrup- 
tion of an earlier population of midsized icy 
satellites ~100 Ma ago (67), although whether 
the resulting debris can migrate into the ring 
region before it reaccretes into new satellites 
is uncertain (68). Regardless of how the rings 
formed, the ring mass we derived from Cassini 
gravity data indicates a recent origin for Saturn’s 
ring system, which we consider a fitting way to 
end Cassini’s mission. 
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INTRODUCTION: Saturn’s main ring system 
is associated with a family of small moons. Pan 
and Daphnis orbit within the A-ring’s Encke 
Gap and Keeler Gap, respectively, whereas Pan- 
dora and Prometheus orbit just outside the 
F-ring and Atlas just outside the A-ring. The lat- 
ter three moons help to confine ring particles. 

The moons Janus and Epimetheus are in 
closely spaced orbits that they exchange ap- 
proximately every 4 years; these two objects 
may be collisional fragments of a larger body. 
All these moons have densities much less 
than 1000 kg/m’, indicating that they formed 
from ring debris that accumulated around a 
preexisting core. 


RATIONALE: During the final stages of the 
Cassini mission, the spacecraft made a series 
of close observations of Saturn’s rings. Flybys of 
Pan, Daphnis, Pandora, Atlas, and Epimetheus 
were performed to investigate the geologic pro- 
cesses shaping their surfaces, their composition, 
their thermal and ultraviolet properties, their 
relationship to Saturn’s ring system, and 
their interactions with particles in Saturn’s 
magnetosphere. 


RESULTS: The moons that orbit in ring gaps 
or are adjacent to the main rings have equatorial 
ridges of material consisting of accreted particles 
that are distinct from their rounded central 


25 50 


Temperature (K) 


The A-ring “shepherd” moon Atlas showing ridges of accumulated ring particles. (A) Visible- 
light image of Atlas showing the core and equatorial ridge. (B) Infrared image of the moon at 
2.0 um. (C) Thermal infrared scan of Atlas consistent with a mean temperature of 82 + 5 K. 
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cores. The cores are more structurally sound 
than ridges, with rougher surfaces and more 
impact craters. Complex patterns of grooves 
formed by tidal stresses crisscross the moons. 

A visible-infrared reflectance spectrum of 
Pan, which is embedded in the rings, shows 
that it is redder than any of the other ring 
moons. The color of the moons becomes more 
red as the distance to Enceladus increases. 
This suggests that the optical properties of 
the moons are determined by the balance of 
two external effects: addition of a red color- 
ing agent from the main rings, and accre- 
tion of neutral-colored icy particles or water 

vapor possibly from the 
E-ring, which is formed 
Read the full article by Enceladus's plume. The 
at http://dx.doi. exact composition of the 
org/10.1126/ red material from the main 
science.aat2349 ring system is unknown, 
although a mixture con- 
taining organic silicates and iron is likely. Dif- 
ferences in particle size also affect the moons’ 
spectra. 

Measurements of the spectral slope of 
Epimetheus in the ultraviolet suggest that it 
is less affected by particles from the E-ring 
than are the mid-sized main moons farther 
from Saturn. Temperature maps were derived 
for both Atlas and Epimetheus, whose black- 
body temperatures were 82 + 5 Kand 90+3 K, 
respectively. 

Carbon dioxide, which is present on the eight 
mid-sized saturnian moons, was not detected 
on the ring moons, nor were any volatiles other 
than water ice. Measurements showed a scar- 
city of high-energy ions in the vicinity of the 
ring moons and only transient energetic elec- 
tron populations; in the ring gaps, no trapped 
electron or proton radiation was detected. Al- 
though particle bombardment alters both the 
albedo and color of the main moons’ surfaces, 
for the ring moons it appears to be unimportant. 


CONCLUSION: Saturn’s ring moons record 
a complex geologic history with groove for- 
mation caused by tidal stresses and accretion 
of ring particles. The moons embedded with- 
in the rings or near their edges have solid cores 
with equatorial ridges of more weakly consol- 
idated material. The finding of a porous surface 
further supports substantial accretion. High- 
resolution images strongly suggest exposures 
of a solid substrate distinct from the mobile 
regolith that frequently covers essentially all 
small Solar System objects. These exposures 
may eventually help to reveal systematic trends 
of the evolution of moons and their geologic 
structures for the whole of Saturn’s satellite 
system. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: bonnie.buratti@jpl.nasa.gov 
Cite this article as B. J. Buratti et al., Science 364, eaat2349 
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Close Cassini flybys of Saturn’s ring 
moons Pan, Daphnis, Atlas, Pandora, 
and Epimetheus 


B. J. Buratti’*, P. C. Thomas”, E. Roussos®, C. Howett*, M. SeifS°, A. R. Hendrix®, 
P. Helfenstein”, R. H. Brown’, R. N. Clark®, T. Denk®, G. Filacchione®, H. Hoffmann’, 
G. H. Jones’, N. Khawaja®™, P. Kollmann™, N. Krupp’, J. Lunine”, T. W. Momary’, 


C. Paranicas’”, F. Postberg®", M. Sachse’, F. Spahn’, J. Spencer*, R. Srama’’, 

T. Albin", K. H. Baines’, M. Ciarniello®, T. Economou"™, H.-W. Hsu’*, S. Kempf”, 
S. M. Krimigis’”, D. Mitchell’?, G. Moragas-Klostermeyer’’, P. D. Nicholson”, 

C. C. Porco’’, H. Rosenberg®, J. Simolka’™, L. A. Soderblom’” 


Saturn’s main ring system is associated with a set of small moons that either are 
embedded within it or interact with the rings to alter their shape and composition. Five 
close flybys of the moons Pan, Daphnis, Atlas, Pandora, and Epimetheus were performed 
between December 2016 and April 2017 during the ring-grazing orbits of the Cassini 
mission. Data on the moons’ morphology, structure, particle environment, and composition 
were returned, along with images in the ultraviolet and thermal infrared. We find that 

the optical properties of the moons’ surfaces are determined by two competing 
processes: contamination by a red material formed in Saturn’s main ring system and 
accretion of bright icy particles or water vapor from volcanic plumes originating on 


the moon Enceladus. 


aturn possesses a family of small inner 
irregular moons that orbit close to its 
rings. Two moons orbit in gaps within 
Saturn’s main ring system: Daphnis, which 
dwells in the A-ring’s Keeler Gap (J), and 
Pan, which is found in the Encke Gap, also in the 
A-ring (2). Three others, called shepherd moons, 
orbit at the edges of the A-ring (Atlas) or the 
F-ring (Pandora and Prometheus) (3) (fig. S2). 
The co-orbital moons Janus and Epimetheus 
share horseshoe orbits outside the F-ring and 
swap their positions every 4 years (fig. S2). 
Saturn’s rings are almost certainly tied to the 
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origin and continued existence of these moons 
(1). It remains unclear whether the rings formed 
from the breakup of an inner moon, or whether 
the present ring moons formed from the consol- 
idation of existing ring material, either primor- 
dial or impact-created. The alteration processes 
acting on these moons and the rings, past and 
present, are also unknown. 

Prior to Saturn’s exploration by spacecraft, the 
main rings were thought to be unconsolidated 
primordial debris, unable to form a moon be- 
cause of tidal forces (4, 5). Evidence from the two 
Voyager spacecraft suggested that the rings and 
inner moons constituted debris from the break- 
up of a single parent body, or perhaps several 
parent bodies, with the moons being the largest 
fragments (4). Measurement of the rings’ and 
moons’ bulk densities using Cassini data (5), 


along with dynamical studies and the existence 
of ridges around the equators of Atlas and Pan 
(5, 6), suggested a more complicated, multistage 
formation. The ring moons—from Pan out to Pan- 
dora, but possibly also Janus and Epimetheus— 
likely formed from the very early accretion of 
low-density debris around a denser seed, pre- 
sumably a collisional shard from the breakup of 
a preexisting moon (5). In the cases of Atlas and 
Pan, this was followed by a second stage of 
accretion of material onto the equator, after the 
rings had settled into their present very thin 
disk (6, 7). In this scenario, the surfaces of these 
moons should be similar in composition to 
the rings. 

Analysis of the optical properties of the moons, 
including color, albedo, and spectral properties 
in the visible and infrared between 0.35 and 
5.2 um, has shown that they resemble the ring sys- 
tems in which they are embedded or which they 
abut (8-11). An unidentified low-albedo reddish 
material that could be organic molecules, silicates, 
or iron particles (9-12) appears to be abundant in 
the rings and has also tinged the moons (8-12), 
further supporting a common origin and imply- 
ing continuing accretion of particles onto the 
moons’ surfaces. The interactions of the ring 
system with the inner moons may form two 
distinct zones: an inner region in the vicinity 
of the main ring system that is dominated by 
the red chromophore, and an outer region that 
is dominated by fresh, high-albedo icy particles 
from the E-ring. Complicating the picture, how- 
ever, is the possible influence of interactions 
with magnetospheric particles, which have been 
shown to alter the color and albedo of the main 
moon system of Saturn (13, 14). It is unclear 
whether any volatiles other than water ice exist 
on the ring moons. The presence of molecules 
with higher volatility than water ice would in- 
dicate material originating in a colder region 
outside the saturnian system; for example, the 
discovery of CO, ice on the irregular outer moon 
Phoebe suggested that it originated in the 
Kuiper Belt (75). 

The last phase of Cassini’s mission began on 
30 November 2016 and ended on 15 September 
2017, with two distinct periods: the ring-grazing 
(or F-ring) orbits, in which 20 close passes to the 
F-ring were performed, and the proximal orbits 
(or “Grand Finale”), which executed 23 dives 
between the planet and the main ring system. 


Table 1. Summary of the close flybys of Saturn’s ring moons during the ring-grazing orbits. 


Moon Semimajor Rotation rate Date of flyby Closest Best image 
axis (R,) (days) approach (km) resolution (m/pixel) 
222. 0.575 7 Mar 2017 22,247 147 
oe BD odin OE hos: ee eee Ore 
Pandora 235) 0.629 18 Dec 2016 2 INS) 
Ep 
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During the ring-grazing orbits, Cassini performed 
its closest flybys of Pan, Daphnis, Atlas, Pandora, 
and Epimetheus (Table 1). A second flyby of 
Epimetheus was performed at a slightly greater 
distance. Data were obtained using several in- 
struments on Cassini: the Imaging Science Sub- 
system (ISS) (16); the Visual Infrared Mapping 
Spectrometer (VIMS), taking medium-resolution 
spectra between 0.35 and 5.1 um (17); the Cassini 
Composite Infrared Spectrometer (CIRS) (78); the 
Ultraviolet Imaging Spectrometer (UVIS) (19); the 
Cosmic Dust Analyzer (CDA) (20); and the Mag- 
netospheric Imaging Instrument (MIMI) (27). The 
dust and plasma environment in the vicinity of 
the small inner moons was observed by CDA and 
MIMI during the subsequent proximal orbits. 


Geology and morphology 


Previous images of the ring moons showed 
distinctive equatorial ridges on Pan and Atlas 
(5, 6) that were interpreted as likely formed by 
accretion of ring particles, whereas those of 
Daphnis were ambiguous. The small satellites 
are all in synchronous rotation, tidally locked 
to the planet (7). Prometheus’s and Pandora’s 
orbits straddle the F-ring, and although they 
exhibit different surface morphology, their den- 
sities are nearly identical (3) (table S1). The 
small (mean radius <5 km) satellites Aegaeon, 
Methone, and Pallene, which orbit in diffuse rings 
or ring arcs (22, 23), have smooth ellipsoidal 
shapes indicative of hydrostatic equilibrium (7). 
The co-orbital satellites Epimetheus and Janus, 
by far the largest of the inner small moons, have 
nearly identical mean densities (table $1), which 
are also the highest among the inner small moons. 
Grooves had been observed on Epimetheus (24), 
and there were suggestions of discrete crater- 
filling sediments on both Janus and Epimetheus 
(7). Epimetheus experiences a ~7° forced wobble 
(libration) around a purely synchronous rotation 
(25). Table S1 summarizes the shapes, volumes, 
and calculated mean densities of the small sat- 
ellites of Saturn based on the images taken during 
the flybys (26, 27). Epimetheus and Janus have 
densities substantially above 500 kg m™; the 
lowest density (and highest uncertainty) is that 
of Daphnis, at 274 + 142 ke m™. Surface ac- 
celerations vary substantially across each object 
because of their irregular shapes and tidal ac- 
celerations (table S1). 


Main ring moons and ridges 


The flyby images in Fig. 1 show that the equa- 
torial ridges on Pan and Atlas are morpholog- 
ically distinct from the more rounded central 
component of each moon. The ridges are dif- 
ferent sizes on each moon: The fractional volumes 
of the ridges are Pan ~10%, Daphnis ~1%, and 
Atlas ~25%. Atlas’s ridge appears smooth in the 
highest-resolution image (76 m/pixel), with some 
elongate brighter albedo markings. The ridge 
contacts the central component that has distinct 
ridge and groove topography (Fig. 1C); it has a 
previously known slight polygonal equatorial 
profile (7). Pan’s ridge has a distinct boundary 
with the central component, a somewhat polyg- 
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Pandora 


Daphnis 


Epimetheus 


Fig. 1. Grayscale images of the ring moons obtained with ISS during the Cassini flybys. (A) Pan, 
image number N1867606181, Clear/Clear filters, from 26°S, at a scale of 182 m/pixel. (B) Pan, 
N186704669, Clear/Clear filters, from 39°N; 147 m/pixel. (C) Atlas, N1870699087, Clear/IR3 filters, 
from 40°N; anti-Saturn point at lower left; 108 m/pixel. (D) Daphnis, N1863267232, Clear/Green 
filters, from 14°N; anti-Saturn point to left; 170 m/pixel. (E) Pandora, N1860790629, Clear/Green 
filters, 240 m/pixel. The sub-spacecraft point is 35°N, 98°W; Pandora's north pole is close to two 
small craters above the large, bright-walled crater. (F) Epimetheus, N1I866365809, Clear/UV3 filters, 
99 m/pixel. Grooves and craters dominate the surface. All scale bars, 5 km. Images were chosen for 
scale and viewing geometry; different filters have little effect on visibility of morphologic detail. 


onal equatorial shape, some grooves, small ridges, 
and several small impact craters. The profile of 
Pan’s ridge varies considerably with longitude. 
Figure 2 shows Pan’s northern hemisphere, with 
calculated relative gravitational topography and 
surface slopes using existing techniques (3, 5, 7) 
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(data S1). Unlike some equatorial ridges on small 
asteroids (28, 29), Pan’s ridge was not formed by 
material sliding toward lower gravitational po- 
tential areas generated by rotation and tides, 
because the slope directions are not latitudi- 
nally directed. The distinct boundary between 
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Topography 
0 CS 8.2 km 


Fig. 2. Relative topography and slopes on Pan. (A) Grayscale image N1867604669 from 39°N, 
217°W (rotated from view in Fig. 1). (B) Dynamic topography is the relative potential energy at the 
surface (due to mass, rotation, and tides) divided by an average surface acceleration (5, 7). A 
homogeneous interior density is assumed. (C) Slopes are the angles between the surface normals 


and the (negative) net acceleration vectors. 


the ridge and the central component core, the 
differing surface morphology on each, and the 
large differences in relative heights along the ridge 
require the ridge formation to be unrelated to 
surface, gravity-driven processes. These obser- 
vations are consistent with formation of the 
ridge by the accretion of particles, with a dis- 
tribution dictated by the relative orbital and 
rotational dynamics of the moon and ring 
particles (6). 

The calculated mean densities of Pan, Atlas, 
and Daphnis result in calculated surface accel- 
erations near zero at the sub- and anti-Saturn 
points, which suggests that those points cannot 
accrete additional material. The rest of the sur- 
faces have inward-directed net accelerations. 
The surfaces of these three moons may be crudely 
divided into three units on the basis of mor- 
phology, geography, and surface texture visi- 
ble at the available resolutions (Fig. 3). The 
equatorial ridges generally are the smoothest 
terrain on each moon. 

The central components have more impact 
craters than do the ridges on Pan and Atlas, 
which display a few sub-kilometer impact cra- 
ters. Pan and Atlas’s central components show 
lineated topography indicative of structures such 
as faults or fractures. Pan has two distinct global 
sets of quasi-parallel faults. The first is roughly 
concentric to the long axis and exhibits conspic- 
uous scarps and terracing, likely formed by equa- 
torward displacements. The axial symmetry of 
this system suggests that tidal forces were in- 
volved in its development. The second system 
is oriented obliquely to the first and is visible in 
both the north and south hemispheres (Figs. 1A 
and 3C). In contrast, Atlas’s central component 
core exhibits patterns of elongated ridge and 
groove topography that do not have fault scarp 
morphologies; the core appears to be covered by 
at least tens of meters of loose material (regolith). 

Pan’s equatorial ridge is thickest north-south 
at longitudes of approximately 220° 310% 135° 
and 50°W, yet its radial extent peaks at longi- 
tudes of about 5°, 55°, 100°, 180°, 235°, and 310°W. 
The ridge supports grooves and small craters; 
their presence suggests some cohesion in this 
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low-gravity environment (<2 mm s~”). Atlas’s 
equatorial profile is also somewhat polygonal 
but not as pronounced as Pan’s. 

The classification of some material units on 
Pan’s southern hemisphere is ambiguous, in part 
because these are not directly illuminated by the 
Sun, only by light reflected off Saturn. These un- 
classified units in Fig. 3C include knobby streaks 
of hummocked material oriented approximately 
parallel to the equator, as well as hummocky 
deposits outlining a curvilinear depression on 
the Saturn-facing side. 

The spatial resolution of the Daphnis imagery 
is 170 m/pixel, poorer than that of Pan (147 m/ 
pixel) and Atlas (76 m/pixel). Daphnis is only 
about one-quarter the dimensions of the other 
ring moons. As a result, it is not clear whether 
its near-equatorial ridge is smoother or other- 
wise different from the rest of the surface. The 
equatorial ridge extends at least from 75°W to 
185°W. An additional ridge at 22°N runs from 
~60°W to 120°W. Both ridges are 300 to 400 m 
north-south and perhaps radially 300 m in ex- 
tent. The core has an elongated (2.5 km) de- 
pression that is roughly aligned east-west. 


F-ring moons 

Prometheus and Pandora orbit inside and out- 
side the F-ring, respectively. The images taken 
during the Pandora flyby show grooves and de- 
bris on the surface of this shepherd moon (Fig. 
1E). Although many of the grooves form a pattern 
concentric to the major axis of the body, there is a 
slight offset between them, especially noticeable 
on the sub-Saturn side, which reflects orienta- 
tions seen in previous observations (22). 

Part of Pandora’s leading hemisphere is 
smooth in comparison to other regions on this 
moon (Figs. IE and 3D). The smooth deposits 
are most continuous near the equator but be- 
come patchy at high latitudes, where they ap- 
pear to be too thin to mute the coarse surface 
relief along protruding crater rims. The smooth 
deposits extend approximately +60° in latitude, 
slightly more than the maximum latitude of the 
ridge on Atlas. This arrangement might indicate 
the accretion of material, as with the main ring 
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moons. If so, the accretion efficacy on Pandora 
is at least two orders of magnitude smaller than 
on Pan and Atlas, and much broader latitudi- 
nally. However, variations in resolution, illumi- 
nation, and viewing geometry make mapping of 
textural variations on Pandora ambiguous. 


Co-orbital moons 


The highest-resolution images of the flybys were 
of Epimetheus, the smaller of the co-orbital 
moons, reaching scales of 36 and 49 m/pixel. 
These data enabled enhanced mapping of grooves 
and sediment coverings seen in previous obser- 
vations (24). The grooves are global in occurrence, 
largely beaded to straight, elongated depressions 
that appear to be formed in loose regolith. There 
are some exposures of brighter material appar- 
ently devoid of regolith cover (Fig. 1F) that also 
show elongated lineations, generally slight depres- 
sions. These align with the grooves nearby that 
appear to be regolith features and largely align 
with the regolith groove global patterns. This 
association appears to support a previously pro- 
posed relation of at least some regolith grooves 
with fractures or other structures in a more rigid 
underlying bedrock, although the variety of groove 
morphologies on many objects suggests a multi- 
plicity of groove origins (24, 30-32). 


Colors of the small ring satellites 
and Pandora 


The whole-disk colors of the ring satellites as 
measured in ISS broadband filters (33) follow 
trends with distance from Saturn similar to those 
found by the VIMS instrument (8-1). The ISS 
Narrow Angle Camera (NAC) uses paired broad- 
band filters. The CL1:UV3 pair (0.341 um) and 
CL1:IR3 pair (0.930 um) span the spectral range 
of the camera, and IR3/UV3 ratios represent the 
observed brightness value in each CL1:UV3 broad- 
band filter relative to the corresponding value 
in the CL1:IR3 filter (7). For reference, Enceladus, 
the presumed source of ice particles that mute 
colors on other satellites, has an effectively neu- 
tral IR3/UV3 ratio of 1.03 + 0.02 (34). 

The spatially resolved colors of Pan, Daphnis, 
and Atlas can be used to show the effects of 
material deposited from the rings (3) (table S2). 
Closest to Saturn, Pan’s average IR3/UV3 ratio 
is red at 2.5 + 0.2 but is significantly smaller 
than the value of 3.3 + 0.2 for the adjacent A-ring 
(i.e., Pan is less red than the rings). Farther out, 
the A-ring IR3/UV3 ratio decreases from 2.7 + 0.2 
on the inside of the Keeler Gap (which contains 
Daphnis) to 2.2 + 0.3 on the outside. The mean 
value is not statistically different from that of 
Daphnis itself, 2.3 + 0.3. The equatorial ridges on 
the ring satellites may be very old (5), but the 
colors most likely reflect a patina of material 
deposited from geologically recent and ongoing 
processes. Atlas, which falls just outside the 
A-ring, has an IR3/UV3 ratio of 2.4 + 0.1. Pandora, 
which is near the F-ring and farther from Saturn, 
has a lower IR3/UV38 ratio of 1.9 + 0.1. It lacks 
an equatorial ridge but possesses smooth de- 
posits, which on the leading side extend from 
the equator to mid-latitudes. 
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Among the terrains shown in Fig. 3, color dif- 
ferences can be identified in the high-resolution 
images of all moons except Daphnis, for which 
the CL1:UV3 images were badly blurred by space- 
craft motion. The IR3/UV3 ratio for cratered 
materials on Pan is about 19% higher than for 
its equatorial ridge and reaches approximately 
the average global value. Similarly, the ratio for 
cratered materials on Atlas is about 16% higher 
than for its ridge, but in this case, the global av- 
erage value closely matches that of Atlas’s larger 
equatorial ridge. For Pandora, the cratered ma- 
terials have an IR3/UV3 ratio that is 15% lower 
than for the smooth materials toward the equator. 
The global average ratio falls between that of the 
cratered material and the smooth deposits. Ex- 
posed substrate is visible as a scarp on Pan and a 
bright exposed crater wall on Pandora. On Pan, 
the IR3/UV3 ratio of exposed substrate is inter- 
mediate between the ridge materials and crater 
materials. However, on Pandora, the correspond- 
ing ratio for the exposed crater wall is not statis- 
tically distinguishable from that of the cratered 
material. 


' Unmodified surface materials 
Exposed scarp or crater wall 


Composition 

Compositional information on the surfaces of 
the moons was acquired using VIMS (7). Prior 
to the close flybys of the ring moons, spectra 
taken by VIMS from greater distances were ob- 
tained (8-11). Water ice was the only volatile 
identified, but the moons’ visible colors varied, 
especially in the 0.35- to 0.55-um spectral re- 
gion, which suggested contamination by a red- 
dish chromophore that perhaps came from the 
ring system itself. This coloring agent is distinct 
from the low-albedo red material from the Phoebe 
ring that is deposited on the leading hemisphere 
of Iapetus and on Hyperion (8, 9). 

The close flybys of the embedded moons 
Daphnis and Pan enabled the acquisition of 
spectra of these moons, although only an IR 
spectrum (1.0 to 5.0 um) for Daphnis was suc- 
cessfully obtained. These data provide a test for 
the origin of the red chromophore in the inner 
saturnian system. They also provide rudimentary 
information on spatial variations in composi- 
tion on the moon’s surfaces, although the spa- 
tial resolution is only about 1 to 2% (depending 


5 km 


@ Equatorial band material 
i Unclassified 


on the instrument mode) of ISS’s resolution (3) 
(fig. S1). 

Figure 4 shows the spectrum of each moon 
from 0.35 to 4.2 or 3.6 um (1 to 3.6 um for 
Daphnis). The only absorption bands detectable 
are those of water ice at 1.25, 1.6, 2.0, and 3.0 um. 
No other volatiles are detectable, including CO., 
although its strongest absorption band in this 
spectral region is at 4.26 um, in the noisy region 
of the spectrum beyond about 3.5 um. There is a 
deep absorption band for crystalline water ice at 
1.65 um. This spectral band is sensitive to radia- 
tion damage (35); its unusual depth relative to 
previous Cassini spectra of icy moons (8-11) 
implies a lack of radiation damage in the ring 
environment, which is expected given the dearth 
of high-energy particles in the rings (see below). 
Water ice spectral bands are also sensitive to 
grain size, with deeper bands signifying larger 
grains (36). A larger particle size could signify 
larger regolith grains in the main ring system 
than in the E-ring, or it could simply be due to 
gravitational escape of the smaller particles, some 
of which could be formed by continual impacts. 


Fig. 3. Distribution of geological units on Pan, Atlas, Daphnis, and Pandora. |n each panel, the three main units are highlighted in color, with the 


uninterpreted grayscale image alongside for comparison. Cratered surfaces (blue) have numerous craters, relatively crisp surface relief, and regolith typical of 
other small bodies in the saturnian system. Smooth terrains (cyan) are distinctly smooth relative to typical small-body cratered surfaces; some is material 
collected in crater floors. Exposed substrates (yellow) are relatively bright with lineations, more typical of rigid materials than of loose regolith. Unclassified areas 
(gray) are those for which insufficient data are available to resolve ambiguities between terrain types. (A) Atlas, resolution 94 m/pixel. (B) Daphnis, 167 m/pixel. 
(C) Pan, 144 m/pixel (top), 279 m/pixel (bottom). (D) Pandora, 137 m/pixel (top), 200 m/pixel (bottom). 
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Fig. 4. VIMS spectra and colors of the five moons and the A- to C-rings. (A to E) Spectra of Pan (A), Daphnis (B), Atlas (C), Pandora (D), and 
Epimetheus (E). Noisy data at the long wavelengths are not shown. I/F is the reflected intensity compared with the incident solar flux. (F) Color-color plot 
of Saturn’s main ring system and Enceladus (8, 9) compared with Epimetheus, Atlas, Pandora, and Pan. 
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Fig. 5. CIRS thermal infrared 

and ISS visible-light observations 
of Atlas and Epimetheus. 

(A) Blackbody temperature 
distributions of the two moons, 
determined by fitting a blackbody 
curve to the full CIRS radiance 
spectrum at each location. The axes 
are offsets in right ascension and 
declination, with the origin at the 
center of the target (note that the IR 
images do not fall on this location 
because only the hotter side is 1) 
detected). (B) ISS observations of 

both targets taken immediately 

before and after the CIRS scan, on 

the same orientation (3). 
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In general, there is a gradient depending on 
the position of the moon with respect to the 
rings, with Pan, which is embedded in the Encke 
Gap, being the reddest and Epimetheus, which is 
farthest from the rings and closest to Enceladus, 
being the bluest. (The one exception to this 
pattern is Pandora’s bluer color in the 0.55- to 
0.95-um region.) This effect results from the 
countervailing processes of contamination by a 
red chromophore from the main rings and ice 
particles or water vapor from the E-ring, which 
originates from Enceladus’s plume. 

The VIMS colors agree with those derived by 
ISS. The VIMS equivalent values at the same 
wavelengths as the effective wavelengths of the 
ISS filters yield IR3/UV3 ratios of 2.7 + 0.3 for 
Pan, 2.2 + 0.2 for Atlas, 1.7 + 0.2 for Pandora, 
and 1.5 + 0.1 for Epimetheus. (The VIMS spec- 
trum extends to only 0.35 um; the visible slopes 
of the spectra were linearly extrapolated to 
0.34 um to match the wavelength of the ISS 
UV3 filter.) The moons embedded in the rings 
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show spectral differences with the surrounding 
rings; in general they are less red (Fig. 4F). The 
VIMS ratio image of Atlas (fig. S1) shows uni- 
formity between the main body and its equato- 
rial ridge, at least in water ice abundance, which 
implies the accumulation of particles away from 
the equator to provide a globally homogeneous 
surface. Color differences below the spatial res- 
olution of VIMS exist, as detected by ISS in the 
visible spectrum. 

The spectrum of Pan is redder in the 0.35- 
and 0.55-.m region than other saturnian moons. 
Atlas, the shepherd moon just outside the A-ring, 
is also red but less so than Pan, and Pandora, 
which is associated with the F-ring, even less. 
The color of Epimetheus is more like that of the 
medium-sized moons Enceladus and Mimas 
(8-10). Thus, there is a gradient in color with 
distance from Saturn’s ring system, with the 
embedded Pan being the reddest. Figure 4, A to 
E, shows that the slope of the visible spectrum 
increases as the distance to Saturn increases, 
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and this is quantified in Fig. 4F, which shows 
the visible colors derived from the flybys with 
the colors of the main ring system of Saturn (9). 
These results imply that the red chromophore 
comes from the rings themselves. However, the 
differences in color between the moons and their 
adjacent rings—the small moons are consistently 
bluer than their surrounding rings—could be due 
to another contaminant: particles of almost pure 
water ice or vapor from the E-ring. This ring is 
a diffuse torus that is fed from the plume of 
Enceladus. The particles have a wide range of 
orbital elements and predominantly impact the 
leading sides of the main moons (and the trail- 
ing side of Mimas), altering their albedos and 
colors (37-39). The ring moons’ leading hemi- 
spheres would tend to accrete more fresh grains 
of water ice than the surrounding ring particles. 

The depth of the water ice band at 2.0 um 
compared to the continuum at 1.8 um (i.e., the 
1.8/2.0 um ratio) is 5.2 + 0.1 for Pan, 5.0 + 0.2 
for Daphnis, 4.4 + 0.1 for Atlas, 3.4 + 0.1 for 
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Pandora, and 2.4 + 0.1 for Epimetheus. The band 
depths increase closer to Saturn, most likely as a 
result of the increasing particle sizes (36). This 
is consistent with the moons embedded in the 
ring (Pan and Daphnis) being coated with main 
ring particles rather than with smaller particles 
from the E-ring. (The absorption band at 1.6 um 
shows a similar but weaker trend.) Because the 
main ring system provides a shield against the 
E-ring, particle size may be a factor in determin- 
ing the color and reflectivity of these moons. 
Interactions between moons and magneto- 
spheric particles can also alter the moons’ colors 
and albedos (13, 14). However, there is a dearth 
of high-energy particles in the vicinity of these 
moons (see below). Another factor that may alter 
spectral slopes and band depths is the particle 
size of the accreted ring particles (36), which may 
not be the same as that of the native particles. 


Ultraviolet and thermal infrared 
observations of the moons 


During the ring-grazing orbits, the spacecraft 
was in a high-radiation, high-dust environment 
that produced high background levels in ultra- 
violet observations with UVIS. The only moon 
detected was Epimetheus, during the encounter 
on 21 February 2017 (3) (fig. $4), in which the 
signal is above the background for only the 
longest far-UV wavelengths, ~0.170 to 0.19 um. 
However, this single UV measurement of reflec- 
tance places some constraints on surface compo- 
sition and external effects on Epimetheus. At 
72° solar phase angle (the angle between the 
spacecraft, Epimetheus, and the Sun), the de- 
rived normal reflectance (average over 0.17 to 
0.19 um) is 0.09 + 0.02. For comparison, this is 
lower than the reflectance measured at Tethys 
under similar viewing geometry by a factor of 
roughly 1.5 to 2 (40); however, Tethys has a 
higher visible geometric albedo [~1.2, versus 
~0.73 for Epimetheus (37)], which indicates 
that Epimetheus may have a roughly uniformly 
lower reflectance than Tethys in the UV-visible 
range. The UV-visible spectral slope and albedo 
are strongly driven by external effects, because 
this spectral range senses the uppermost layer 
of the regolith affected by processes including 
plasma and E-ring grain bombardment. The 
UVIS measurement combined with the visible 
albedo suggests that Epimetheus is not as af- 
fected by the brightening effects of the E-ring 
grains as Tethys is (37), or that there is some 
other darkening agent or process important at 
Epimetheus’s location. Thus, the UV-visible albedo 
of Epimetheus may simply reflect the relative 
importance of the alteration by the reddish 
lower-albedo chromophore and the icy E-ring 
particles at this moon’s distance. 

Thermal infrared observations with CIRS de- 
tected two moons: Epimetheus and Atlas (Fig. 5) 
(3). The results were modeled with a blackbody 
fitted to the observed radiance over all wave- 
lengths. Both Epimetheus and Atlas are visible 
above the background sky. The mean surface 
temperatures are 90.1 + 2.7 K on Epimetheus 
and 82.4 + 4.7 K on Atlas. 
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Particle observations 

Throughout the ring-grazing orbits, the particle 
and electromagnetic field instruments CDA and 
MIMI measured Saturn’s plasma and dust en- 
vironment, including the regions around the 
small inner moons. During this period, Cassini 
passed close to the orbits of the co-orbital moons 
Janus and Epimetheus. During 11 of the 20 ring 
plane crossings, the CDA’s High Rate Detector 
(HRD) detected a total of about 2000 dust grains 
with radii larger than 0.8 um (Fig. 6). The ver- 
tically integrated number density of grains smaller 
than 1.6 um does not depend on the radial distance 
to Saturn, whereas the density of larger grains 
drops by about 50% over a radial distance of 
approximately 3500 km. Because the larger par- 
ticles are less susceptible to nongravitational 
forces, large particles ejected from the moons 
stay closer to their parent bodies and form a 
more confined ring, which was previously detected 
by the Cassini camera (41). Fitting a Gaussian 
distribution to the HRD data, and accounting 
for the dust background from the F- and G-rings, 
constrains the radial full width at half maximum 
(FWHM) of the Janus-Epimetheus ring to about 
4300 km. This implies a total number of 2 (+1) x 
10" ring particles larger than 1.6 um. 

Many dust rings are formed by ejecta from 
high-velocity impacts of interplanetary micro- 
meteoroids eroding the surfaces of satellites 
without atmospheres. The measured particle 
number in the Janus-Epimetheus ring con- 
strains the poorly known parameters of the 
impact-ejection dust creation model (42, 43) 
at Saturn. Using an unfocused flux of >3.6 x 
101° kg m~? s! with a mean impact speed of 
4.3 km s” (44), the dust production rate from 
both moons totals about 0.81 kg s™ (0.57 kg s* 
from Janus and 0.24 kg s‘ from Epimetheus). 
This corresponds to 9.1 x 10” particles larger 


than 1.6 um per second (6.4 x 10" s from Janus 
and 2.7 x 10" s' from Epimetheus), assuming a 
cumulative power-law size distribution for a dust 
diameter d < d™“ with a = 2.4 and a maximal 
ejecta mass of 1 x 10° kg, consistent with ob- 
servations of impact-generated dust clouds around 
the Galilean moons (42, 45). 

To explain the measured number of ring par- 
ticles, this comparably high production rate re- 
quires a shallow slope of the cumulative ejecta 
velocity v distribution ~ uv” (y = 1) and a kinetic 
energy dissipation at the higher end of the val- 
ues predicted by laboratory experiments (46, 47). 
The kinetic energy ratio of ejecta to impactor is 
5%. This points to a highly dissipative and porous 
(snow or regolith) surface. We find that most 
ejecta are gravitationally bound to the moons 
and fall back to their surface, whereas only about 
5% of them for Janus and 7% for Epimetheus 
escape to the surrounding ring. Numerical simu- 
lations (3) show that most of the ring particles 
are recaptured by the source moons after an 
average lifetime of 60 years, resulting in an 
estimate of 9.8 x 10"? ring particles larger than 
1.6 um. This value is in rough agreement with 
the observed value of 2 (+1) x 10” particles, which 
in turn constrains the poorly known parameters 
of the impact-ejection model, which can vary by 
orders of magnitude. 

The CDA Chemical Analyzer (9) recorded mass 
spectra of sub-micrometer-sized dust particles 
(0.1 to 0.4 um). The compositional analysis of 
these spectra recorded near the ring plane shows 
mostly ice grains but also about 3% pure silicate 
grains or ice-silicate mixtures (3) (fig. S5). The 
source of the icy particles could be either the 
inner edge of the E-ring or surface ejecta of 
the nearby small ice moons. Because silicate- 
rich grains of this size have not been detected 
in the E-ring (48), these must originate from 
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Fig. 6. Radial dust density distribution obtained from CDA-HRD measurements. The density of 
the =0.8-um particles indicates a constant profile (red dashed line), whereas the density of the 
=1.6-um particles decreases inward from the orbit of Janus and Epimetheus (vertical gray line). The 
dust distribution of the larger particles is modeled by a Gaussian distribution (blue dashed line) 
with a maximum at the mean radial position of Janus and Epimetheus, plus a constant background 
density. Error bars are derived from Poisson statistics. 
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a different source, possibly the nearby moons 
Janus and Epimetheus or the F- and G-rings. 

The Low Energy Magnetospheric Measure- 
ments System (LEMMS) of the MIMI energetic 
charged particle detector surveyed the planet’s 
radiation belts inward of Saturn’s G-ring and 
monitored the energetic particle environment 
of the five small moons. LEMMS measures en- 
ergetic electrons and ions above 18 and 27 keV, 
respectively, reaching into the MeV energy range. 


The region inward of Saturn’s G-ring has been 
sampled in the past on several occasions with 
Pioneer 11 and Cassini (49-57). It contains the 
location where both Saturn’s proton and elec- 
tron radiation belts have their highest inten- 
sities, which lies between the G-ring and Janus 
and Epimetheus’s orbits. Inward of that maxi- 
mum, intensities drop gradually up to the outer 
edge of Saturn’s A-ring, which absorbs all en- 
ergetic particles. Superimposed on the radial 
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Fig. 7. Average count rates for protons and electrons, as measured by MIMI/LEMMS. The 
channels are >12 and >25 MeV for protons (A) and >800 keV for electrons (B); both sets of data are 
shown as a function of L-shell, with lo error bars. Absence of error bars indicates an uncertainty larger 
than the corresponding mean value. The orbits of several of Saturn’s large icy moons are also 
marked. The inset in (A) zooms into the region of the Minor Belt, highlighting the absorbing effects of 
Atlas, Pandora, Prometheus, and the A- and F-rings. The inset in (B) shows a high-time resolution 
series of observations (1 sample per 0.3125 s) from LEMMS obtained during the second proximal 
orbit on 2 May 2017. The blue arrow marks an electron microsignature within one of the MeV electron 
spikes seen consistently during Cassini's outbound crossings near the L-shell of the A-ring’s outer edge. 
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profile of radiation belt fluxes are localized drop- 
outs originating from Saturn’s moons and rings 
(52). Although several of these features can be 
attributed to specific moons [e.g., Janus and 
Epimetheus (53)], any influences by Pandora, 
Prometheus, and Atlas (orbiting within the 
radiation belt boundaries) are less clear. These 
moons orbit close to Saturn’s A- and F-rings, 
complicating the separation of the different 
contributions. Understanding how effectively 
these moons sweep out particle radiation also 
determines the radiation environment to which 
their surfaces are exposed. 

Figure 7A shows count rates of >12-MeV and 
>25-MeV protons as a function of the L-shell 
[expressed as multiples (ZL) of Saturn’s radius of 
60,268 km] averaged over the proximal orbits. 
The L-shell is defined as the distance from Sat- 
urn that a magnetic field line intersects the 
magnetic equator. The spacecraft L-shell at the 
time of data collection is determined by map- 
ping along Saturn’s magnetic field using a third- 
order multipole model for Saturn’s internal 
magnetic field (54). Figure 7 shows the previously 
established sectorization of the MeV proton ra- 
diation belts, due to the moons and rings that 
absorb any protons diffusing across their orbits 
(55, 56). Among these different sectors, the least 
well characterized by previous observations is 
the “Minor Belt,” centered at approximately L = 
2.29. The gap immediately outside the Minor 
Belt is centered near the F-ring (Z ~ 2.32); we 
find that the gap boundaries coincide with the 
L-shells of Prometheus and Pandora (Fig. 7A). 
Pandora and Prometheus are therefore absorb- 
ing protons at a rate that is high enough to 
counter the diffusive influx of protons from the 
surrounding belt sectors. Effectively, the two 
moons and the F-ring form an extended obstacle 
to proton radiation. The net result is that the 
weathering of Pandora’s and Prometheus’s sur- 
faces by energetic protons is negligible because 
they orbit within the proton radiation gaps they 
create. Atlas’s effects cannot be distinguished 
from those of the A-ring, but that moon is also 
exposed to very low proton fluxes. Overall, al- 
most all of Saturn’s inner moons (except Dione, 
Rhea, or minor moons such as Anthe or Pallene) 
orbit in regions free from energetic ions (57-59). 
This is unlike Jupiter’s satellites, whose surface 
chemistry and thin atmospheric properties are 
strongly affected by irradiation from high fluxes 
of keV and MeV particles (60, 61). 

Figure 7B shows the proximal orbit averages 
of electron count rates from LEMMS channel E5 
(>0.8 MeV) as a function of the L-shell. Electron 
radiation levels are more variable than those of 
protons, as the large error bars indicate, because 
moons and rings are not effective in sweeping 
out electrons from their orbits (52, 62). Inside 
L = 2.4 (inward of the Janus and Epimetheus 
orbits), electron rates fall slowly toward the 
outer edge of the A-ring (LZ = 2.27). This drop is 
interrupted by an enhancement of the mean 
electron rates near the L-shells of the F-ring, 
Pandora, and Prometheus. In the absence of a 
MeV electron source, such an enhancement, 
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which was absent from past observations at 
the same L-shell (53, 63), is unexpected. The 
lo error bars in that location span more than 
two orders of magnitude in amplitude, indicat- 
ing much higher variability than in the surround- 
ing regions. This large scatter is attributed to 
spikes of enhanced MeV electron flux observed 
in 18 of the 22 outbound crossings outward of 
the A-ring’s edge and between L = 2.31 and L = 
2.35. The radial extent of an individual spike is 
less than 1800 km along the equatorial plane, 
and the electron intensity within them can be 
enhanced by as much as a factor of 300 relative 
to their surroundings. The inset of Fig. '7B shows 
one such resolved spike, captured by the high- 
time resolution measurements of LEMMS prior- 
ity channel E4 (0.8 to 4.2 MeV) on 2 May 2017. 
Because most measurements in the inbound por- 
tion of Cassini’s orbit showed no evidence of sim- 
ilar spikes in the same L-shell range, we deduce 
that these features are usually located a few hours 
after local noon, and their longitudinal extent 
ranges between 22° and 37° in the clockwise 
direction, starting from a magnetospheric local 
time of 13:20. The longitudinal extent cannot 
be constrained in the anticlockwise direction. 
Most of these enhancements were seen around 
the L-shells of the F-ring, Prometheus, and Pan- 
dora. This electron belt component is therefore 
limited in local-time range. As a result, ener- 
getic electron bombardment of the three moons 
is variable in intensity, is episodic, and occurs 
only for a fraction of their orbit around Saturn. 
Material interaction signatures of energetic elec- 
trons are seen as localized depletions (micro- 
signatures) within the electron spikes. These may 
be due to Atlas, Prometheus, Pandora, or F-ring 
clumps (63); an example is shown in the inset of 
Fig. 7B and could have formed only after the 
electron enhancement developed. 

There is no discernible signal of trapped elec- 
tron or proton radiation at the orbits of the 
Keeler and Encke Gaps, where Daphnis and Pan 
are orbiting (54). 


Summary and conclusions 


The low densities of the small moons of Saturn, 
measured during the flybys, are consistent with 
a multistage formation scenario involving ac- 
cretion of ring material (5, 6). The colors of the 
moons embedded in the A-ring are more con- 
sistent with the rings the closer the moons are 
to Saturn. This suggests the ongoing accretion 
of a reddish chromophore, possibly a mixture 
of organics and iron (9-12), onto the surfaces 
of the moons. The difference in color between 
the moons and their adjacent ring may be ex- 
plained by the accretion of bright, icy particles 
or, more likely, water vapor from the E-ring. 
Each moon’s surface is subjected to a balance 
between these two ongoing processes, with their 
distance from Saturn and Enceladus determin- 
ing the resulting color, as illustrated in Fig. 4F. 
The detection of abundant ice grains by CDA 
supports this view. The bluer core of Atlas is also 
explained by the accretion of E-ring particles, 
which have a wider range of inclinations than 
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main ring particles. If the ring moons formed 
from the same material as the rings, they would 
have been the same color, and the color gradient 
may be solely due to contamination by the E-ring. 
The size of particles on the moons’ surfaces also 
plays a role, especially for the moons embedded 
in the main ring system, which would shield these 
moons from the E-ring. 

The dearth of high-energy ions close to the 
moons lessens the alteration processes caused 
by bombardment with magnetospheric particles. 
The strong crystalline water ice band at 1.65 um 
also suggests low radiation damage. This low- 
energy plasma environment is unlike the main 
moons of Saturn, especially Dione and Rhea, as 
they dwell in a region where alteration by ions 
is substantial. Particle radiation would tend to 
darken and redden the surfaces, so the red chro- 
mophore on the trailing hemispheres of the main 
moons may be unrelated to the red material con- 
tributing to the colors of the ring moons (64). 
Contamination of Saturn’s rings by bright icy 
particles or water vapor offers counterevidence 
to previous arguments that the observed bright- 
ness of the rings indicates recent formation (65). 

The moons’ geology records a complex his- 
tory, including groove formation caused by tidal 
stresses and accretion of ring particles. The CDA 
finding of a porous surface further supports 
substantial accretion. Although the topography 
and surface slopes strongly suggest that the equa- 
torial ridges of Pan and Atlas are accreted from 
the rings and are not formed by normal surface 
transport, the ridges on these objects appear in 
a variety of forms. The flyby images strongly 
suggest exposures of a solid substrate distinct 
from the mobile regolith that covers many small 
Solar System objects. 
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INTRODUCTION: Saturn’s rings are an acces- 
sible exemplar of astrophysical disk processes 
and a delicate tracer of the Saturn system’s dy- 
namical processes and history. 


RATIONALE: During its ring grazing orbits 
and Grand Finale, the Cassini spacecraft passed 
very close to Saturn’s main rings and obtained 
very high-spatial-resolution images, spectral 
scans, and temperature scans. 


RESULTS: We find structures related to the de- 
tailed sculpting of rings by embedded masses, 
including structures near the moon Daphnis 
that have apparently experienced markedly 
different perturbations compared to the sur- 


False-color images of Saturn’s rings. (Top) A mosaic showing Daphnis in the Keeler gap on the lit side 
of the rings, with three wave crests of the structure raised by Daphnis in the gap’s outer edge. (Middle 
and bottom) Visual and Infrared Mapping Spectrometer radial scans across the lit side of the main rings, 
displayed as false-color images. Reddish colors signify a higher fraction of components other than 
water ice. The boxed region in the middle panel indicates the location of the bottom panel. 
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rounding ring material, and complex structure 
elements within the largest propeller-shaped 
disturbances. Interpreting certain such elements 
in terms of the Hill radius yields diameters of 1.0 
to 1.6 km for the largest propeller-causing moons. 

Several classes of subkilometer structure 
in the ring, which we call textures, are found 
in well-defined radial bands, which in many 
cases are difficult to correlate with other ring 
properties. The plateaux in the C ring exhibit 
a characteristic streaky texture. We hypothe- 
size that these textures indicate variation in 
properties that affect the results of particle- 
particle collisions. 

Medium-strength density waves neither alter 
the spectral characteristics of the region sur- 


rounding them nor exclude swarms of pro- 
pellers from their vicinity, as the largest-density 
waves are known to do. We also confirm that 
even the strongest bending waves (such as 
Mimas 5:3) do not exhibit any signs of spectral 
halos. However, medium-strength density waves 
do exhibit clumpy texture in their troughs, and 
they also alter the propeller size distribution. 

“Mini-jets” in the F ring are found in clusters, 
whose members evolve in lockstep with each 
other. This provides the strongest evidence yet 
that impacts onto the rings are commonly due to 
(Saturn-orbiting) streams of material, rather 
than lone impacting objects. 

The distinct light- 
scattering characteris- 
Read the full article tics of the narrow region 
at http://dx.doi. outward of the Keeler 
org/10.1126/ gap—weaker water ice 
science.aaul017 absorption bands, higher 
reflectivity, grayish rather 
than reddish color—transition abruptly from 
the rest of the A ring, although different de- 
grees of abruptness are seen in the visible and 
the near-infrared. The combination of weaker 
water-ice band depths with higher reflectivity 
is difficult to understand. 

Water-ice band depth and general color slope 
are closely correlated with optical depth, and 
temperature is anticorrelated (that is, denser 
regions are colder), even in sharply banded 
regions, down to the spatial resolution limit of 
~3 km px |. However, the narrow bright bands 
in the C ring, called plateaux, have similar 
color slopes and water-ice band depths to 
those of the surrounding C ring, despite their 
marked difference in brightness. Furthermore, 
denser regions are warmer in some 
fine-scaled structures, including 
C-ring plateaux and structure in 
the B ring, both on the lit side only, 
and strong waves in the A ring on 
both the lit and unlit sides. 


CONCLUSION: The rings are 
sculpted by embedded masses, 
producing structure visible down 
to our resolution limit. Correla- 
tions of spectral properties and 
temperature with optical depth are 
tight at many locations, although 
exceptions are found that deepen 
puzzles in certain regions. Many 
of these results are likely related 
to radial stratification in particle 
properties, rather than in chem- 
ical composition or surface mass 
density. 


The list of author affiliations is available in the 
full article online. 

*Corresponding author. Email: matt@seti.org 
Cite this article as M. S. Tiscareno et al., 
Science 364, eaaul017 (2019). DOI: 10.1126/ 
science.aaul017 
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Saturn’s rings are an accessible exemplar of an astrophysical disk, tracing the Saturn 
system’s dynamical processes and history. We present close-range remote-sensing 
observations of the main rings from the Cassini spacecraft. We find detailed sculpting 

of the rings by embedded masses, and banded texture belts throughout the rings. 
Saturn-orbiting streams of material impact the F ring. There are fine-scaled correlations 
among optical depth, spectral properties, and temperature in the B ring, but anticorrelations 
within strong density waves in the A ring. There is no spectral distinction between plateaux 
and the rest of the C ring, whereas the region outward of the Keeler gap is spectrally 
distinct from nearby regions. These results likely indicate that radial stratification of 
particle physical properties, rather than compositional differences, is responsible for 


producing these ring structures. 


aturn’s main rings (7) are the regions known 
as the A, B, C, and F rings and the Cassini 
Division, which together constitute a broad, 
dense disk of orbiting particles lying in 
the equatorial plane between 74,600 and 
140,200 km (that is, 1.2 to 2.3 Saturn radii) from 
Saturn’s center. The normal optical depth 1, (2) 
in the main rings is at least t, = 0.1, and in some 
locations t, > 1. Particle composition is domi- 
nated by water ice, with trace contaminants, and 
particle size ranges from millimeters to meters 
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(although a few localities, including the F ring, 
are rich in dust). By contrast, the dusty rings are 
inward (the D ring) and outward (the E and G 
rings) of the main rings, have t, < 0.1, and are 
dominated by micrometer-sized particles (3). 

The 13-year mission of the Cassini spacecraft 
at Saturn culminated in two stages. During the 
ring-grazing orbits (RGOs), from December 2016 
to April 2017, Cassini executed near-polar orbits 
that crossed the ring plane just outward of the 
F ring, providing close-range viewing of the outer 
portion of the main rings. During the Grand 
Finale (GF), from April to September 2017, the 
orbit shifted so that closest approach to Saturn 
was inward of the D ring, passing a few thousand 
km above Saturn’s cloud tops, providing close- 
range flybys of the inner portion of the main 
rings. We present and analyze optical remote- 
sensing data taken during these flybys (4). We 
use data from Cassini’s Imaging Science Sub- 
system (ISS) (5), Visual and Infrared Mapping 
Spectrometer (VIMS) (6), Composite Infrared 
Spectrometer (CIRS) (7), and Ultraviolet Imaging 
Spectrograph (UVIS) (8). 


Ring structure: Embedded moons 
and propellers 


Each ring particle follows its own orbit around 
the planet. However, collective effects, including 
collisions and mutual self-gravity, affect the struc- 
ture of the rings, as do interactions with larger 
orbiting objects. Moons ranging in size from 


14 June 2019 


Titan to Pan raise spiral density and bending 
waves in the ring (9-17). Moderate-sized moons 
Pan (radius R ~ 14 km) and Daphnis (R ~ 4 km) 
orbit within the outer part of the A ring and clear 
sharp-edged gaps (the Encke and Keeler gaps, 
respectively). Smaller moons, but ones that are 
still substantially larger than the largest con- 
tinuum ring particles, create local disturbances 
that have been dubbed “propellers,” because of 
their shape (12). 

Propellers are similar in principle to a circum- 
ferential gap like the Encke or Keeler gap, except 
that the embedded moon’s influence is overcome 
some distance downstream as the gap is filled in 
by the viscosity of the disk. Swarms of relatively 
small propellers, likely due to embedded moons 
~100 m in size, are present in the Propeller Belts 
of the mid-A ring (13-15). There are probably more 
than 10° propellers over the several-thousand- 
km annulus of the Propeller Belts (75). Solitary 
larger propellers, likely due to embedded moons 
~1km in size, orbit beyond the Encke gap (16). At 
least a half-dozen of the latter have had their 
orbits tracked for the duration of the Cassini 
mission, and their shifting orbital attributes have 
been analyzed theoretically (72). 

Among the science objectives of the RGO and 
GF (presented in Fig. 1) were close-range flybys of 
Pan and Daphnis (/7) and of three large propel- 
lers (namely, those nicknamed Blériot, Earhart, 
and Santos-Dumont), as well as high-resolution 
imaging of the Propeller Belts. 


Daphnis and its vicinity 


A false-color mosaic of Daphnis and its vicinity 
is shown in Fig. 1A. Daphnis itself is discussed 
in a companion paper (17); here we focus on the 
ring material perturbed by Daphnis. The image 
conveys the dichotomy in brightness and color 
that occurs at the Keeler gap (see below). Im- 
mediately to the lower left of Daphnis in Fig. 1A, 
within the gap, a strand of material is seen to 
follow a looping streamline. This material was 
likely pulled out of the sharp edge of the gap by a 
recent passage of Daphnis and is now spreading 
along its streamline as a result of Keplerian shear 
(18). Cassini was 13.5° above the ring plane when 
this image was taken, and the wavy edges of the 
Keeler gap are known to have a vertical com- 
ponent due to the orbital inclination of Daphnis 
(19), so the streamline seen here may be vertical 
and/or in-plane, which cannot be disentangled, 
owing to projection effects. 

Downstream of Daphnis (which is trailing 
on the outer edge of the gap, but leading on the 
inner edge, due to Keplerian shear), the edge is 
scalloped with a characteristic wavelength equal 
to 3nAa, where Aa is the difference in semimajor 
axis between Daphnis and the gap edge (12). It 
was previously known that the wavy edges due to 
Daphnis die away only a few wave crests down- 
stream, whereas those due to Pan in the edges of 
the Encke gap persist for the entire circumfer- 
ential extent of the gap (20-22). Figure 1A shows 
structure in the third wave crest downstream 
of Daphnis. The trailing structure in the outer 
edge is seen on the left-hand side of Fig. 1A and 
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magnified in Fig. 1B. Macroscopic clumps of ring 
particles, which are not visible in the first or sec- 
ond wave crest, dominate the third wave crest, as 
the effects of Daphnis diminish. Furthermore, a 
gap or rift appears between the clump-studded 
wave crest and the rest of the ring. We interpret 
this as a vertical feature: The ribbon of material 
may be rising above the ring plane, having been 
launched by the inclination of Daphnis, with the 
line of sight (due to Cassini’s oblique viewing 
angle) passing through the vertical gap. As evi- 
dence for this, further downstream (in the left- 
hand portion of Fig. 1B), the same ribbon of 
material can be seen to pass behind the main 
portion of the ring, from Cassini’s point of view. 
This hypothesis does not exclude some degree of 
simultaneous radial structure in the third wave 
crest. The difference in appearance between the 
third wave crest and the first two may be partly 
due to a shroud of smaller particles (whose struc- 
ture perhaps is primarily radial) that smooths the 
appearance of the first two wave crests, which 
may have been absorbed into larger clumps in 
the third wave crest. 


The propeller belts 


The propellers observed (13) in close-range images 
taken during Saturn orbit insertion (SOI) were 
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substantially smaller than those seen in the Pro- 
peller Belts during the remainder of the Cassini 
mission (14, 15). Figure 1C shows propellers of a 
size similar to those seen during SOI. We iden- 
tified and analyzed 41 propellers in this image 
(4). We find a substantial range in propeller sizes, 
with the largest propellers being more than four 
times as large as the smallest (table S1). We also 
find that the population density, average size, 
and size distribution may vary substantially with 
ring radius on finer scales than previously iden- 
tified (fig. S1), particularly in the vicinity of a 
moderately strong density wave. This implies 
that some combination of the parent bodies, sub- 
sequent evolution, and/or visibility of propellers 
is highly radially stratified. 


Giant propellers 


Close-range flyby images of propellers Blériot and 
Earhart are shown in Fig. 1, D and E, respectively. 
Blériot was captured on the unlit side of the rings, 
where regions can be dark because of low optical 
depth (insufficient material to scatter sunlight 
toward the camera) or because optical depths are 
so high that the region is opaque. Earhart was 
captured on the lit side, where brightness usually 
increases monotonically as a function of optical 
depth. Additionally, close-range flybys captured 
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Fig. 1. Embedded moons 
cause structure in the main 
rings. (A) False-color image 
mosaic (4) showing Daphnis in 
the Keeler gap on the lit side 

of the rings, with three wave 
crests of the structure raised by 
Daphnis in the gap’s outer edge. 
Each successive wave crest 
from right to left is older, having 
elapsed an additional orbital 
period (~13 hours) since its 
close approach to Daphnis. The 
direction to Saturn is up, and 
the orbital direction is to the 
right. A thin strand of material 
(indicated by the arrow) is 
present in the gap to the lower 
left of Daphnis, and there is 
intricate structure in the third 
wave crest downstream. The 
box on the left-hand side indi- 
cates the approximate footprint 
of the image in (B). (B) A 
further close-up of the third 
wave crest, on the unlit side of 
the rings. (C) Propellers in the 
Propeller Belts of the mid-A ring 
on the unlit side of the rings. 
The large multibanded structure 
across the center of the panel 
is the Prometheus 9:8 spiral 
density wave. (D) The propeller 
Blériot on the unlit side of the 
rings. (E) The propeller Earhart 
on the lit side of the rings. 


images of propeller Santos-Dumont on both the 
lit and unlit sides of the rings, in images taken 
on both sides of ring-plane crossing during a 
single RGO pass (fig. S2). 

Complex structure is seen in all these images. 
The dark band through the center of Blériot, 
which is due to the disturbed region being opaque, 
extends further downstream than the similar dark 
band in the unlit-side image of Santos-Dumont, 
likely indicating higher surface mass densities. 

Scalloping is present on the inner edges of the 
perturbed regions, analogous to patterns seen on 
the edges of the Encke and Keeler gaps. Equating 
the wavelength of the scalloping with 3zAa, and 
taking the full width of the gap (i.e., twice Aa) 
to be four times the Hill radius ry (23), where 
Te =a(m/3M ‘as ° for Saturn’s mass M and the 
central moon’s mass m and semimajor axis a, 
we calculate Aa ~ 27 to be 1.0 km for Santos- 
Dumont and 1.6 km for Blériot. 

The Hill radii imply masses of 7 x 10“ g for the 
central moon of Santos-Dumont and 3 x 10% g 
for that of Blériot. Most likely, the actual size of 
each central moon is similar to its Hill radius (76), 
so that its bulk density is equal to the critical 
density for this region of the A ring, which is 
~0.4g cm ° (24), so that the above-calculated Aa 
approximates the triaxial moon’s longest axis. 
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The central propeller moon for each of these 
close-range propellers should be two to three 
pixels across in these images. However, we do not 
detect them, likely because they are obscured by 
the disturbed ring material swirling around them. 


Ring structure: Texture belts 


The main rings appear smooth in most images, 
although a clumpy straw-like texture has been 
identified in the troughs of strong density waves 
(25, 26). Other textures have been dimly percep- 
tible in images throughout the Cassini mission 
but have not been described or analyzed in any 
detail. 

The RGO and GF images show several classes 
of ring texture, in well-defined radial bands, 
which do not correlate with other ring properties. 
Examples of these textures are shown in Fig. 2. 

There is growing evidence that some of the 
sharply bounded features in the main rings are 
not due to changes in surface mass density and 
thus must be due to variations in particle prop- 
erties (27, 28). Composition, particle size, and 
regolith character (29) are candidate causes, al- 
though it is not clear how ring particles are sorted 
according to these properties. We find that these 
ring textures are localized to sharply defined 
radial bands (Fig. 2). We speculate that this may 
be due to differences in how ring particles bounce 
off each other when they collide and thus might 
be correlated with regolith character (30). 

Clumpy straw-like texture is seen not only in 
the troughs of strong density waves (Fig. 2a) 
but also in smaller waves such as those due to 
Prometheus (Fig. 2B) and at other types of 


Fig. 2. Belts of textures in the main rings. 
A strip along the bottom of each panel 

has been filtered by subtracting the average 
radial profile of the image, so that local 
structures and textures are more visible. 

All images in this figure show the lit side of 
the rings (4). (A) Straw-like clumps in the 
troughs of the strong Janus 6:5 density wave 
in the outer A ring. (B) Straw in the troughs 
of the Prometheus 26:25, 27:26, and 28:27 
density waves (left to right) in the outer 

A ring. (C) Straw-like texture in one radial 
band of the inner A ring but not in surrounding 
regions. (D) Feathery texture in some radial 
bands of the outer B ring (especially those 
with lower brightness in the main part of 

the image) but not in surrounding regions. 
(E) Plateau P1 and its environs in the C ring, 
with three different textures in close proximity 
to each other. 
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locations. At 124,230 km from Saturn’s center 
(in the inner A ring), a region characterized by 
fine-scale radial structure that is not well under- 
stood, a 100-km radial band exhibits clumpy 
structure, whereas the regions around it do not 
(Fig. 2C). The clumpy texture at this location 
is correlated with a relatively bright band, but 
other relative brightness maxima nearby do not 
exhibit clumpy texture. The clumpy texture at 
this location is not associated with any spiral 
density wave, although such waves do occur at 
adjacent locations. 

Many locations in the B ring (e.g., Fig. 2D) 
exhibit a more elongated texture. This streaky 
or feathery texture is often correlated with local 
minima in optical depths (although all optical 
depths are quite high in this region), which ap- 
pear dark in lit-side images such as Fig. 2D. The 
landmark triple-humped belt in the outer Cassini 
Division also exhibits feathery texture (fig. S3). 
Here the dark (gap-like) streaks are more dis- 
crete and may be related to features termed 
“ghosts” identified in UVIS occultations (37). 

Another streaky texture appears in all 10 of 
the narrow and sharp-edged increases in bright- 
ness and optical depth in the C ring known as 
“plateaux.” For example, Plateau P1 (Fig. 2E) 
exhibits streaky texture, whereas the nonplateau 
C-ring material around it exhibits either clumpy 
texture or no texture at all. Plateau P5 also ex- 
hibits streaky texture (fig. S4). Their surface mass 
densities do not appear to be markedly different 
from those of the background C ring (32), so their 
defining characteristic must be related to particle 
properties (33). 


Clum 
festive 


No 
texture 


Clum 
peste 
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An occultation of the star « Orionis by the 
rings was observed using UVIS (4). Gaps 220 m 
across were seen in the plateaux, with an average 
separation of 0.5 to 1 km. We modeled the pla- 
teaux with a simplified bimodal transparency 
model using 19 UVIS stellar occultations (4). This 
model yields gap widths of 10 to 100 m and 
vertical thicknesses of the plateaux of 10 to 
40 m. These average gap widths may represent 
the narrowest in a range of gap sizes, observ- 
able only with the high spatial resolution of the 
stellar occultations, with the dark streaks seen 
in the images being gaps on the wider end of 
the distribution. 


Ring structure: F-ring objects 


Images of the F-ring core obtained during the 
RGO and GF (Fig. 3) confirm the existence of a 
population of smaller objects by the detection 
of their associated mini-jets (34). Although the 
core has an irregular, jagged shape [figure 4 in 
(35)]), the population of mini-jets visible in Fig. 3, 
D and E, are all in phase, implying that they 
formed from a set of objects that collided with 
the core almost simultaneously. This observation 
suggests that rather than representing a random 
population of small, colliding objects, the mini- 
jets in Fig. 3, D and E, had a common origin, 
probably as the result of a breakup of a single 
object. This supports previous inferences (36, 37) 
that impacts onto the rings may sometimes be 
due to Saturn-orbiting streams of material rather 
than to lone impacting objects. Additional evi- 
dence for this is shown in the inset to Fig. 3B, 
where a collection of objects extending over 
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~0.05° (~100 km) appears to have recently emerged 
from the core. We interpret this feature as a 
more compact version of the multiple objects 
seen to cause the mini-jets in Fig. 3, D and E. 
The calculated radial velocities (4) of ~1.4.m s7! 
are consistent with those of previously observed 
mini-jets (34). 

We observe a narrow component in the F ring, 
1 to 2 km in radial extent but perhaps un- 
resolved, located ~10 km radially inward of the 
center of the bright core and visible in ~50% of 
Fig. 3A (ie., extending over ~2°). Although evi- 
dence for such a component has been seen be- 
fore [figure 4h in (35)]), we infer from Fig. 3D 
that the original impact events that produced 
the mini-jet features in this part of the F ring 
originated when the source objects collided with 
the narrow component, implying the existence 
of substantial mass at this location. It has been 
suggested (38) that the true core of the F ring 
consists of discontinuous ring arcs, <1 km in 
radial width, each extending over ~2° in longi- 
tude, wherein most of the F ring’s mass is con- 
tained. The observations in Fig. 3 do not constrain 
the mass of the F ring, but they do provide sup- 
porting evidence for this interpretation and imply 
that the true core of the F ring may be radially 
offset from the brighter components that are 
more commonly seen. 


Fig. 3. Mini-jets and other structures in the 
F ring. A high-resolution mosaic (4) of the 
F-ring core region showing evidence for a 
population of small objects, their evolution, 
and a possible narrow component. (A) Context 
mosaic. White boxes indicate the regions 
shown in the other panels. (B) Enlarged 
portion of (A), showing a linear feature near 
the core with a contrast-enhanced inset 
showing a faint, linear feature below it. 

(C) Enlarged portion of (A), showing a mini-jet 
emerging ~10 km from the core with evidence 
of a narrow ring component parallel to and 
below the core. There is also evidence of a 
fan-shaped structure (4) to the left, 
characteristic of an embedded object on an 
eccentric orbit. (D) Enlarged portion of (A), 
with a region immediately above the core 
(indicated by the white rectangle) selectively 
contrast enhanced to bring out faint features. 
Several mini-jets (black arrows) emerge from 
the core, leaving trails that extend between 
~7 km (left) and ~14 km (right) from the core. 
There is also evidence that the mini-jets 
originate in a narrow ring component parallel to 
the core but ~10 km below it (white arrows). 
(E) Same as (D), except portion of a different 
image mosaic of the same region, taken 85 
min later. Although the resolution is poorer, the 
evolution of the mini-jets is evident, having 
doubled in length and undergone Keplerian 
shear. The dashed lines in (D) and (E) indicate 
longitudes where adjacent images overlap, 
leading to the production of slight offsets in 
the mosaics. The white arrows in (C) and (D) 
indicate the location of the narrow component. 
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Ring composition, particle size, and 
grain size 

The reflectance spectrum of Saturn’s main rings 
in the ultraviolet (UV), visible, and near-infrared 
(IR) regions is dominated by fine-grained crys- 
talline water ice with relatively small amounts 
of non-icy material (39, 40). The latter seems to 
consist of two distinct components. The first is 
responsible for the strong absorption at UV 
and blue wavelengths that gives the rings their 
pale tan or reddish color, and is now generally 
thought to be either organic in nature (41-43) 
or nanophase particles of metallic iron or iron 
oxides (44), whereas the second component is 
a spectrally neutral absorber generally assumed 
to be silicates and/or carbon (45). Together, this 
icy mixture makes up the regolith coating the 
surfaces of the individual ring particles, whose 
sizes range from a few millimeters up to ~5 m 
(39, 46-50). 

The UV absorber appears to be present as 
inclusions within the individual grains of water 
ice (sometimes referred to as an intramix), and 
its abundance increases monotonically with 
proximity to Saturn (57-53). Its nature has been 
debated (54), although it is suspected to be a 
primordial component of the rings. Recent ob- 
servations and modeling (43) favor an organic 
material, perhaps tholins or mixtures of poly- 
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cyclic aromatic hydrocarbons (PAHs). Large or- 
ganic molecules have been detected falling into 
Saturn’s upper atmosphere (55), which may have 
come from the D ring. The neutral absorber, by 
contrast, is inferred to be intimately mixed with 
the icy grains (i.e., as separate particles in close 
proximity, like a mixture of salt and pepper) and 
is most abundant in the optically thin C ring and 
Cassini Division (52). It may be produced by the 
exposure of the originally pure icy rings to bom- 
bardment by interplanetary debris (45). 

Previous observations by Cassini have shown 
small-scale spatial variations in the main rings’ 
visible and near-IR spectrum (57, 56). VIMS spec- 
tra have revealed that regolith grains are larger 
in the A and B rings; grain size and/or composi- 
tion varies locally in the vicinity of strong density 
waves in the A ring and at several locations in the 
B and C rings (52, 53, 57). UVIS optical depth 
variance measurements have yielded similar 
conclusions about small-scale variations in the 
ring particle-size distribution (33). 


Color and spectral variations 


During the final orbits of the Cassini mission, 
high-resolution multicolor and spectral scans 
were taken across the entire ring system, cov- 
ering both the lit and unlit sides of the rings 
(Figs. 4 and 5). 
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3000 km 


Fig. 4. Color images of the B and A rings. (A) The inner-central B ring, covering the region from 98,600 to 105,500 km from Saturn's center at about 
3 km px. The top panel is a context image in black and white, while the middle and bottom panels are, respectively, true-color and enhanced-color 
versions. (B) The mid- and outer A ring (4). Figure S10 shows a VIMS image of the same region. 


Color imaging with ISS was conducted at a 
resolution of ~3 km px |, although this is a lower 
resolution than for the black-and-white images 
(e.g., Figs. 1 and 2). Figure 4A displays a com- 
posite of true and enhanced color images (bottom 
two panels), with context given by a single unlit- 
face image (upper panel) in which darker bands 
are more optically thick. The pale tan color seen 
in the middle panel is generally not perceptible 
in a telescope, especially because Saturn is a 
yellowish tan itself (see below). Figure 4B is an 
enhanced color composite from early in the 
Cassini mission, illustrating the different color 
outward of the Keeler gap. 

The observing mode for VIMS (4) resulted in 
a single, continuous image of the A, B, and C 
rings (referred to as a noodle) 64 pixels wide by 
~1000 pixels long. The spatial resolution ranges 
from ~30 to 60 km px“, the gradient in resolu- 
tion from one end of a noodle to the other being 
due to the changing spacecraft range. In the 
VIMS false-color images shown in Fig. 5, the red 
channel corresponds to the center of a strong 
water-ice absorption band, so reddish colors 
in the images signify less ice absorption, while 
the blue channel corresponds to a much weaker 
water-ice band. The green channel is a contin- 
uum wavelength. The red color is most evident 
in the C ring and Cassini Division but is also 
visible in the extreme outer part of the A ring. 
The inner B ring also has slightly weaker ice 
bands than do the outer B or A rings (4). 

Figure 6 plots a set of standard spectral pa- 
rameters for the main rings, derived from the 
VIMS lit-side scan on Rev 287 (58) and rebinned 
to a sampling interval of 20 km. Figure 6A shows 
two representative brightness profiles of the rings 
at continuum wavelengths. Figure 6C shows an 
optical depth profile of the rings for context, de- 
rived from a VIMS stellar occultation. In Fig. 
6B are plotted water-ice band depths at 1.5 and 
2.0 um, calculated from the average spectrum 
for each radial bin (4). Also shown are spectral 
slopes in the visible portion of the spectrum, be- 
tween 0.35 and 0.55 um and between 0.55 and 
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0.85 um (these are sometimes called the blue 
slope and the red slope, respectively, after the 
spectral regions where they are centered, rather 
than their shapes) Also plotted is the height of 
the 3.6-um peak, which is defined by strong ab- 
sorptions at 3 and ~4.5 um, using the continuum 
level at 1.8 um as a reference (4, 51, 52, 57). 

As seen in previous work (5/7, 52), ice-band 
depths are greatest in the outer half ofthe B ring 
and the outer two-thirds of the A ring and lowest 
in the inner C ring and the Cassini Division. Band 
depths decrease smoothly from the middle A ring 
into the outer Cassini Division, and also from the 
innermost part of the B ring into the outer C ring, 
and then decrease further across the C ring. We 
confirm that regional transitions in band depths 
are gradual (51, 52), except that we identify a 
more abrupt transition at the Keeler gap (see 
below). More detailed views of portions of Fig. 6 
are shown in figs. S9 to S11. 

Consistent with previous observations (51, 52, 57), 
we find that the fine-scale variations in the 0.35- to 
0.55-um slope and the IR water-ice band depths in 
the A and B rings are well correlated. These curves 
exhibit very similar shapes down to the spatial 
resolution limit of the scans, and these param- 
eters are more closely correlated with each other 
than either is with the ring brightness J/F (59). 
The 0.35- to 0.55-um slope and ice bands show 
different behaviors within the lower optical 
depth C ring and Cassini Division, as well as 
across the transitions between those rings and 
the innermost B and A rings. Detailed spectro- 
photometric modeling of VIMS observations of 
the A, B, and C rings (40, 52) reveals that these 
varying trends can be attributed to a combina- 
tion of variable particle regolith properties and 
compositions across the rings. For example, most 
of the fine-scale variations in the 0.35- to 0.55-um 
slope and ice bands across the A and B rings 
can be attributed to shifts in grain sizes, whereas 
the deviations between these parameters in the 
lower optical depth C ring and Cassini Division 
are due to higher concentrations of darkening 
materials (neutral absorber) in those regions 
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(40). After accounting for these variations, the 
differences between the overall trends across the 
inner B ring between the 0.35- to 0.55-um slope 
and the ice-band strengths could be due to an 
increase in the fractional abundances of the UV 
absorber closer to the planet (52). 

Although the 0.55- to 0.85-um slope shows 
some of the same features in the A and B rings 
as the other spectral parameters, its overall be- 
havior is quite different and so traces a differ- 
ent aspect of the rings’ texture or composition. 
In particular, the 0.55- to 0.85-um slope is ele- 
vated in the middle part of the C ring, which is 
consistent with evidence for enhanced silicate 
or carbon-rich material at that location inferred 
from radio wavelengths (60). 


A ring 

In the A ring, halos of reduced water-ice band 
depth around the strong density waves are seen 
in the VIMS observations. In fig. S9, we plot the 
band depths in the A ring at a larger scale, 
together with profiles of the 0.35- to 0.55-um 
and 0.55- 0.85-um slopes (although the latter is 
fairly uniform in this region). Apart from the 
general inward decrease in band depths noted 
above, the most prominent features in the A ring 
profile are the peaks and dips seen at each of 
the strong density waves, especially those due 
to Janus. Centered on each of the Janus 4:3, 
5:4, and 6:5 resonances is a peak in all ice-band 
depths—and in the 0.35- to 0.55-um spectral 
slope—symmetrically flanked by a region of re- 
duced band depths. These features have been 
dubbed “halos” (57), from VIMS SOI data. The 
overall radial width of each halo is ~1000 km, 
which is much larger than the extent of the den- 
sity waves associated with these resonances, and 
the halos are centered on the waves. The halo 
associated with the Mimas 5:3 resonance is less 
evident, even though it is one of the strongest 
density waves in the A ring. (The nearby Mimas 
5:3 bending wave at 131,800 km shows neither 
peak nor halo in the band depth profiles.) Although 
the reason for the peaks and halos remains unclear, 
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they may reflect an increase in the interparticle 
collision rate within the density wave itself (ex- 
posing fresh, coarser-grained ice from deeper 
layers in the ring particles), accompanied by the 
ejection of debris that falls back onto the sur- 
rounding regions (which may reduce their mean 
grain size by spreading a cloud of small icy par- 
ticles). UVIS optical depth variance results sup- 
port this conclusion (33). 

There are several ripples in the band depths 
and 0.35- to 0.55-um slope in the innermost part 
of the A ring, inwards of 124,500 km. There are 
two moderately strong density waves in this re- 
gion, due to the Pandora 5:4 and Prometheus 6:5 
resonances, and the optical depth profile shows 
several sharp peaks in this neighborhood, but 
there is no correlation between the band depths 
and either the resonances or optical depth struc- 
ture (67). 

The region around and outward of the Keeler 
gap is less red, shows less backscattering, and 
has weaker ice bands than the rest of the A ring, 
as noted first in Voyager data (39, 62), and pro- 
nounced color variations are seen in early Cassini 
images such as Fig. 4B, where the color transition 
is very sharp and coincides with the location of 
the gap. In our observations, the spectral vari- 
ations appear to start near 136,200 km and ex- 
tend across the gap to the ring’s outer edge at 
136,770 km. They include decreases in both ice- 
band depths and the 0.35- to 0.55-um slope (figs. 
6 and S9), accompanied by an increase in the 
continuum brightness of the rings beyond the 
Keeler gap. This region is also known to havea 
lower surface mass density (63) and different 
particle-size properties (49, 50, 64) from the 
rest of the A ring. 

It remains unknown whether the spectral dif- 
ference of the trans-Keeler region implies a dif- 
ferent composition and origin of the underlying 
material, or whether some other factor is respon- 
sible. Figures 6B and S9 suggest weaker water- 
ice bands in the trans-Keeler region. This may 
imply less water ice and less of the accompany- 
ing organic reddening material. However, this 
hypothesis is difficult to reconcile with the rela- 
tively high reflectivity (//F) in the same region, 
as seen in Fig. 6A and fig. S9. A finer regolith 
grain size outside the Keeler gap could explain 
all three observations: flatter (less-red) visual 
wavelength spectra, higher J/F, and weaker ice 
bands, whether or not the material has an in- 
trinsically different composition. 


B ring 

The B ring, the most opaque and massive of 
Saturn’s main rings (65), is conventionally di- 
vided into four or five subregions, based on 
varying structure and mean optical depth (66). 
The innermost or B1 region, between radii of 
92,000 and 99,000 km, has a normal optical 
depth 1, of 1 to 2 and is characterized by smooth, 
quasi-sinusoidal variations in t, and brightness 
with typical length scales of ~100 km (67). B1 is 
uniform in its spectral parameters (57) and in its 
optical colors (68, 69). Our VIMS data in Fig. 6 
show very little variation in this region, except 
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for a modest inward increase in both the 0.35 - to 
0.55-um and 0.55- to 0.85-m slopes and a slight 
drop in the ice-band depths toward the C ring 
ramp over the innermost 500 km. 

The B2 region is a zone of transition between 
the relatively low-optical depth B1 region and 
the opaque B3 region (outward of 104,000 km) 
where 1, > 3 almost everywhere and frequently 
exceeds 5. The B2 region is characterized by a 
series of abrupt local transitions in 1,, between a 
minimum of ~2 and a maximum of 5 or greater, 
at irregular intervals of 40 to 200 km. The VIMS 
data for this region (shown at a larger scale in fig. 
S10) show a positive correlation between the IR 
ice-band depths, the 0.35- to 0.55-um slope, and 
Tn, With every peak (or dip) in band depth being 
associated with a maximum (or minimum) in 1). 
At somewhat lower spatial resolution, a similar 
relationship between optical depth and ice- 
band depths was previously demonstrated for 
the whole B ring (52); our data show that this 
correlation also holds down to the 50- to 100-km 
scale in the B2 region. The correlation of optical 
depth with J/F is much weaker, with peaks in t, 
being associated with both maxima and minima 
in J/F in this region. This suggests that many of 
the J/F variations in the central B ring are due 
to variations in albedo and/or phase function 
rather than particle density—a conclusion pre- 
viously drawn from Voyager imaging data (68). 
Figure 4A shows a high-resolution ISS color 
image, also of the B2 region. There are sharp 
boundaries between the discrete ~100-km-wide 
bands in this region, which Cassini radio occul- 
tation data have shown to be even sharper than 
the ISS resolution (66). The narrow ringlets in 
the middle of this figure are about 40 km wide, 
whereas the broader bands near the right edge 
are 300 to 500 km across. It remains unclear 
what causes the variable brightness of these 
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ringlets and bands; the inherent reflectivity of 
the ring particle material, shadowing on their 
surfaces, their absolute abundance, and/or their 
packing density may all play a role. The bottom 
panel of Fig. 4A is a color-enhanced version of 
the middle panel, in which blue colors indicate 
a “less red” or flatter spectrum at visible wave- 
lengths than the redder colors, which mean a 
steeper-than-average spectrum. Observations by 
Voyager showed these color variations at lower 
resolution (68, 69); we find that such well-defined 
color contrasts are sharply defined even down to 
the 3-km radial scale. 

Across the very opaque B3 and B4 regions, 
between radii of 99,000 and 115,000 km (66), we 
find only small variations in the VIMS ice band 
depths or the 0.35- to 0.55-um slope. A series of 
six low-amplitude oscillations in the band depths 
between 112,500 and 114,200 km are positively 
correlated with similar variations in both t, and 
I/F (52). Only within ~1300 km of the outer edge 
of the B ring is there a small but distinct decrease 
in all four of these spectral indicators, followed 
by an abrupt upturn in the final 500 km. 

An exception to the generally flat band depths 
in this central part of the B ring is a broad but 
shallow dip in the ice band depths and 0.35- to 
0.55-um slope centered at 109,100 km and an 
even shallower dip centered at 107,400 km. These 
two features coincide with prominent peaks in 
I/F but with no obvious features in the optical 
depth profile. They may represent halos asso- 
ciated with the otherwise-invisible density waves 
that are expected to be driven by the Prometheus 
and Pandora 3:2 resonances (52), as seen in the 
A ring (fig. S9). Both dips are located 500 to 
600 km exterior to the actual resonance loca- 
tions (52). Two similar shallow dips in the band 
depths are seen in the outermost part of the 
B ring, at 115,700 and 116,500 km, and bear a 


5000 km 


a 


Aring 


ey |= —=—hu) oa 


10000 km 


14 June 2019 


Fig. 5. Near-IR spectral scans. VIMS radial scans across the lit side of the main rings, displayed as 
false-color images. (A) The scan obtained on Rev 262, on 21 February 2017. (B) An enlarged view 
of the outer two-thirds of the B ring, and Cassini Division. (©) The scan obtained on Rev 287, on 

7 August 2017. The scale bars indicate the average radial scale for each scan, although in both cases, 
the true scale varies across the scan because of the varying projected radial velocity of the 
spacecraft. On Rev 262, the velocity was a maximum in the B ring and the radial scale is compressed 
there by ~15%. On Rev 287, the velocity decreased from right to left by ~30% and the scale in the 
C ring is correspondingly stretched out. 
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Fig. 6. Radial profiles of spectral 
parameters. Data shown are from 
the VIMS lit-side scan on Rev 287. Vertical 
dotted lines indicate (as labeled) the 
locations of density waves or of 
boundaries between ring regions, 
including the A, B, and C rings and 
the B-ring subregions B1 through B4. 
(A) Reflectivity of the rings at 
continuum wavelengths of 0.55 and 
1.8 um, with the locations of major 
ring boundaries and the strongest 
density waves identified by vertical 
dotted lines. (B) Fractional depths of 
the water-ice bands at 1.55, 2.0, and 
3.6 um in orange, red, and black, 
respectively, as well as the 0.35- to 
0.55-um and 0.55- to 0.85-um slopes 
in blue and green (see text for 


definitions). (C) Optical depth profile 
of the rings obtained from a VIMS 
occultation of the star y Crucis 

on Rev 082 (52, 70). Versions of this 
figure that zoom on the A, mid-B, 
and outer C rings, respectively, are 
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similar spatial relationship to the Enceladus 3:1 
and Janus 3:2 resonances. This region is quite 
complex, with several other potentially interfer- 
ing resonances due to Mimas and Prometheus (70). 


C ring 

Large-scale variations across the C ring visible 
in Fig. 6 include a steady inward decrease in 
IR-band depths and the 0.35- to 0.55-um slope 
parameter. On a finer scale, the most obvious 
structural features in the C ring are the plateaux. 
A typical plateau is ~150 km wide, with fairly 
abrupt edges and a peak optical depth of ~0.4. 
They were detected in Voyager images (7) but are 
of unknown origin. Measurements of surface 
mass densities in the C ring (32) indicate that the 
plateau mass densities are similar to that of the 
adjacent background C ring (t, ~ 0.1), suggest- 
ing that their particle size distribution may be 
quite different (fewer particles in the meter-size 
range). VIMS observations at SOI yielded a mar- 
ginal detection of variation in ice-band depths 
between the plateaux and background regions 
(51). There is no discernible signature of the 
plateaux in the lit-side profiles of ice band depths, 
but there is a weak enhancement in the 0.35- to 
0.55-um slope parameter, which may be due to 
a local increase in the abundance of the UV 
absorber (52). 

In the outer C ring (fig. S11), the VIMS spectral 
data show that the 0.35- to 0.55-um slope again 
tracks the depth of the ice band at 1.55 um, 
although the profiles for the C ring are noisier at 
visible wavelengths. These data show very little 
difference, if any, in spectral characteristics be- 
tween the plateaux and the background. In sev- 
eral cases, a very small increase in band depths 
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within the plateaux may be detectable, at the 
level of 0.01 or 0.02, or 1.5 to 3%. These signa- 
tures are more apparent in the 0.35- to 0.55-um 
slope than in any of the IR ice bands. 


Correlation with optical depth 


Color variations and spectral variations often 
imply compositional variations. However, this is 
not necessarily correct in Saturn’s rings. Figure 4A 
shows that ring color correlates with optical depth 
down to the smallest scales discernible: Optically 
thicker bands (darker in the top panel) are redder. 
A similar correlation between optical depth, ice- 
band depths, and spectral slope is visible in fig. S9 
and discussed above. The intrinsic composition 
is unlikely to vary in such a correlated way and 
on such small radial scales. Meteoroid bombard- 
ment spreads ejecta around the rings on 100-km 
radial scales, smoothing out any such variations 
(71). However, variable optical depth might lead 
to other local changes in ring particle and/or 
ring layer properties. Collisional dynamics in re- 
gions of varying optical depth can lead to varying 
volume or packing density of particles, which 
might affect the degree of multiple interparticle 
scattering. Multiple scattering is known to en- 
hance spectral contrast and the ring material is 
red, so more multiple scattering can make a re- 
gion redder and also increase the relative depths 
of absorption bands (72). The local packing den- 
sity can also lead to nonclassical scattering ef- 
fects (e.g., shadowing), which can affect the ring 
brightness as a function of particle albedo, also 
affecting spectral contrast (73). The frequency 
and/or speed of collisions may also vary between 
regions of different optical depth, and this con- 
stant jostling can affect the roughness, porosity, 
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shown in figs. S9, S10, and S11. 


or grain size in the surfaces of the local particles 
(30, 52, 74, 75). Shadows on rough particle sur- 
faces can change the particle phase function (76) 
in such a way as to exaggerate spectral contrasts 
at moderate to high phase angles. Monte Carlo 
models (4) of scattering in closely packed rings 
verified against similar models (40, 73, 77) sug- 
gest that the simplest explanation of the optical 
depth-dependent reddening is increased multi- 
ple scattering in the optically thicker regions by 
the already reddish ring particles, given particle 
phase functions and surface reflectances like 
those of the ring particles (43), in the geometry 
of the observation (the ISS image in Fig. 4A was 
taken at a relatively high phase angle, defined as 
Sun-target-observer angle, of o - 110°). At shorter 
wavelengths, particle albedos are low enough 
that multiple scattering is minimal, leading to 
the variable reddening. Therefore, the fine-scale 
color variations are consistent with a generally 
invariant composition, at least on 10- to 100-km 
length scales. 


Ring temperature 


CIRS measured the thermal emission from 
Saturn’s main rings—the A, B, and C rings and 
the Cassini Division (7, 78, 79). During the RGOs, 
CIRS obtained radial scans at spatial resolu- 
tions ranging from 260 to 470 km for the A 
ring to 660 to 930 km for the C ring for both 
their lit (northern) and unlit (southern) sides. 
Temperature T of the ring material was derived 
from spectra measured with focal plane 1 (FP1) 
between 10 and 600 cm“! (17 pm to 1 mm) at 
a spectral resolution of 15 cm7’. Rings were 
viewed nearly face-on for both the lit and unlit 
sides at absolute spacecraft elevation angles B 
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(defined with respect to the ring plane) between 
70° and 83°, and at phase angles of a ~ 60° for 
the lit side and o ~ 120° to 130° for the unlit side 
(table S2). The representative ring temperatures 
and associated scaling factors were derived from 
Planck functions fitted to FP1 spectral data (80). 

The lit-side temperatures varied from 80 to 
100 K, and the unlit-side temperatures varied 
from 70 to 90 K (Fig. 7). The radially averaged 
ring temperatures were [C, 93 K; B, 85 K; CD 
(Cassini Division), 88 K; A, 84 K] on the lit face 
and (C, 87 K; B, 73 K; CD, 80 K; A, 78 K) on the 
unlit face. Ring temperatures are driven by direct 
solar flux, solar flux reflected from Saturn, and 
Saturn thermal flux and depend on the transport 
of heat vertically through the rings via radiation, 
conduction, and particle transport. The flux due 
to Saturn-shine falls off approximately as the 
square of the distance from Saturn, and the solar 
flux varies with the sine of the solar elevation 
angle above the ring plane. The optically thin 
C ring and Cassini Division are warmer than the 
optically thick A and B rings because incident 
flux from the Sun and Saturn penetrates through 
the ring, resulting in more efficient heating (87). 
The magnitudes of the thermal radiation emitted 
from the lit and unlit sides of the C ring and 
Cassini Division are consistent with the unlit 
side being in thermal equilibrium with the ra- 
diation field. That is not true of the B and A rings, 
where the unlit sides radiate at a much higher 
temperature than would be expected if they were 
in equilibrium with the small amount of radi- 
ation that penetrates through the ring. 

The heat transport within the C ring and 
Cassini Division is thought to be similar, al- 
though the C ring is always warmer than the 
Cassini Division because of its proximity to 
Saturn; similarly, the A- and B-ring temper- 
atures are comparable, and at most epochs, the 
lit B ring is warmer than the lit A ring because of 
their relative distances from Saturn. This Saturn- 
shine effect is at a minimum for the current data 
because at solstice the solar flux is large com- 
pared to the Saturn-shine, so that the lit A-ring 
temperatures are comparable to those in the 
B ring. Details of the effect of Saturn-shine on the 
heating have been studied by using the radial 
dependence of temperature at Saturn Equinox 
when solar flux is nearly zero (87), where the 
effect of reduced mutual shadowing between 
particles in the optically thinner rings could 
be modeled directly, given details of the inci- 
dent flux. 

Within each ring, the temperature difference 
between the lit and unlit face correlates to some 
extent with optical depth, although the actual 
magnitudes of the temperatures differ between 
rings. The correlations are shown graphically in 
fig. S8 and discussed below with reference to 
Fig. 7. In the thick rings, this effect has been 
noted before and depends at least partially on 
efficiency of heat transport across the rings 
(82, 83). Detailed models indicate contribu- 
tions to these broad trends from a positive 
correlation between albedo and optical depth 
across the rings (84), of a nature consistent with 
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preferential darkening of optically thinner rings 
due to meteoritic bombardment (45). Our obser- 
vations show that, at finer scale, this correla- 
tion (of thermal gradient with optical depth) is 
not everywhere consistent, possibly because of 
local variations in ring structure and particle 
properties. 

The temperature difference between the lit 
and unlit faces of the B ring correlates with 
optical depth, owing mostly to variation on the 
unlit face. This could be caused by mutual col- 
lisions between particles in high-optical depth 
regions hampering heat transport. Observational 
studies have shown that the thermal transmit- 


tance of the B ring correlates inversely with op- 
tical depth (82). Transport models of the B ring 
based on effective medium theory indicate that if 
heat transport by the vertical motion of particles 
is negligible, then the observed correlation of the 
ring thermal gradient with optical depth can be 
explained only if the increase in optical depth is 
due to a vertically thicker ring and not to a larger 
filling factor (83). 

Figure 7 indicates that in the A ring, the cor- 
relation of temperature differential with opti- 
cal depth is consistent from the inner A ring to 
the flat outer regions, but there is a reverse in 
this trend in several locations where unlit-side 
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Fig. 7. Radial temperature profiles. Observations by CIRS of the lit (red) and unlit (blue) faces of 
(A) the C ring, (B) the B ring, and (C) the Cassini Division and the A ring. The black curve shows, 
for context, the optical depth measured by Cassini UVIS (8) and smoothed over a radial extent 
comparable to the typical CIRS footprint size. The vertical dotted lines show locations of prominent 
features: the plateaux in the C ring and the Cassini Division and the strongest density and bending 


waves in the A ring (table S3). 
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temperatures of the A ring have local maxima 
correlating with the halos of the strongest den- 
sity waves (Janus 4:3, 5:4, and 6:5 and Mimas 5:3) 
and bending waves (Mimas 5:3). This decreases 
the temperature difference, even though the 
optical depths of these resonant locations are 
higher than those of the surrounding regions. 
This effect may be due to enhanced vertical heat 
transport or particle spin rates as a result of 
increased stirring of the ring particles in these 
regions. On the lit side of the rings, no temper- 
ature differences between the resonant locations 
and their surrounding regions are seen. 
Correlations between temperature gradient 
and optical depth are not obvious in the C ring 
and Cassini Division, partially because of the lower 
signal-to-noise ratio in those regions. There 
appear to be dips in the unlit-side temperature 
within at least the largest plateaux. In contrast 
to the B and A rings, where the lit-side temper- 
ature varies little, there are features in the lit- 
side temperature of the C ring, but these do not 
correlate well with the optical depth. The net 
result is that there is either a weak correlation 
or none between optical depth and temperature 
difference in the optically thin regions and that 
other effects seem to be important in this regard. 
Temperature maxima near the largest plateaux 
could be associated with mutual heating between 
particles (84) or could be associated with radial 
variations in particle properties or ring structure, 
the presence of which is hinted at by the streaky 
texture seen in images of the C-ring plateaux. 
Measurements by VIMS of the wavelength of 
the broad continuum peak around ~3.6m can be 
used to infer the surface temperature of water 
ice. This method is applicable to ring particles, 
for which water ice is the dominant endmember 
(53). Spatial and temporal variations of the tem- 
perature as derived by this method are seen in 
the RGO and GF lit-side data. For most of the 
A ring, this peak was found at about 3.58 um, 
corresponding to T ~ 88 K, with lower tem- 
peratures in the outermost parts of the ring. The 
same temperature prevails inward to the mid-B 
ring, but it increases to 7 ~ 107 K (peak at 3.60 um) 
in the inner B ring. In the C ring and Cassini 
Division, the 3.6-um reflectance peak is faint and 
distorted by Saturn-shine, making temperature 
retrieval uncertain. However, data collected be- 
fore the GF (53) have shown systematically higher 
temperatures; the inner C ring is 30 K warmer 
than the B ring, and the Cassini Division is 20 K 
warmer than the outer A ring. These VIMS re- 
sults mirror the large-scale variations in mean 
albedo and optical depth, in the sense that the 
particles are colder where these quantities are 
higher. Furthermore, with the exception of the 
Cassini Division, the ring temperature decreases 
with distance from Saturn (53). However, the 
temperatures inferred by VIMS are generally 
higher than those measured by CIRS. Different 
depths to which ring particles are penetrated 
by the radiation measured by VIMS (~1 mm) 
and CIRS (>10 mm) may play a role, as may the 
larger-pixel footprint for CIRS, which could aver- 
age warmer and cooler temperatures together. 
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Conclusions 

We have reported imaging and spectral observa- 
tions of Saturn’s rings taken during the final year 
of the Cassini mission. The rings are sculpted by 
embedded masses, producing structure visible 
down to our resolution limit. Correlations of 
spectral properties and temperature with opti- 
cal depth are tight at many locations, although 
exceptions are found in certain regions already 
known to be enigmatic. Some spectral variations 
may be due to local variations in optical depth, 
rather than being solely due to particle composi- 
tion or regolith grain size. Sharply stratified vari- 
ations in particle properties, possibly including 
regolith character and bulk porosity as well as the 
distribution of particle sizes, likely play a role in 
producing many of the structures described here, 
and in some cases they may supplant variations 
in surface mass density as the dominant effect. 
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INTRODUCTION: Parkinson’s disease is a de- 
bilitating neurological condition affecting more 
than 1% of the global population aged 60 and 
above. The primary medication used to treat 
Parkinson’s disease is levodopa (t-dopa). To be 
effective, -dopa must enter the brain and be 
converted to the neurotransmitter dopamine 
by the human enzyme aromatic amino acid 
decarboxylase (AADC). However, the gastro- 
intestinal tract is also a major site for -dopa 
decarboxylation, and this metabolism is prob- 
lematic because dopamine generated in the 
periphery cannot cross the blood-brain barrier 
and causes unwanted side effects. Thus, t-dopa 
is coadministered with drugs that block pe- 
ripheral metabolism, including the AADC in- 
hibitor carbidopa. Even with these drugs, up to 
56% of L-dopa fails to reach the brain. More- 
over, the efficacy and side effects of L-dopa 
treatment are extremely heterogeneous across 
Parkinson’s patients, and this variability can- 
not be completely explained by differences in 
host metabolism. 


RATIONALE: Previous studies in humans and 
animal models have demonstrated that the gut 
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microbiota can metabolize L-dopa. The major 
proposed pathway involves an initial decar- 
boxylation of L-dopa to dopamine, followed 
by conversion of dopamine to m-tyramine 
by means of a distinctly microbial dehydro- 
xylation reaction. Although these metabolic 
activities were shown to occur in complex 
gut microbiota samples, the specific organ- 
isms, gene, and enzymes responsible were 
unknown. The effects of host-targeted in- 
hibitors such as carbidopa on gut microbial 
L-dopa metabolism were also unclear. As a 
first step toward understanding the gut 
microbiota’s effect on Parkinson’s disease 
therapy, we sought to elucidate the molec- 
ular basis for gut microbial L-dopa and dopa- 
mine metabolism. 


RESULTS: Hypothesizing that L-dopa decar- 
boxylation would require a pyridoxal phosphate 
(PLP)-dependent enzyme, we searched gut bac- 
terial genomes for candidates and identified 
a conserved tyrosine decarboxylase (TyrDC) in 
Enterococcus faecalis. Genetic and biochemical 
experiments revealed that TyrDC simulta- 
neously decarboxylates both L-dopa and its 


Mo-dependent 
dehydroxylase (Dadh) 
R506 variant HO. NH, 


ooo 


-) 
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(S)-a-Fluoromethyltyrosine 
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Gut microbes metabolize the Parkinson’s drug L-dopa. Decarboxylation of --dopa by 

E. faecalis TyrDC and human AADC likely limits drug availability and contributes to side effects. 
E. lenta dehydroxylates dopamine produced from t-dopa using a molybdenum-dependent 
enzyme. Although the host-targeted drug carbidopa did not affect gut bacterial -dopa 
decarboxylation, AFMT inhibited this activity in complex human gut microbiotas. 


Maini Rekdal et al., Science 364, 1055 (2019) 


14 June 2019 


preferred substrate, tyrosine. Next, we used 
enrichment culturing to isolate a dopamine- 
dehydroxylating strain of Eggerthella lenta, a 
species previously implicated in drug metab- 
olism. Transcriptomics linked this activity to a 
molybdenum cofactor-dependent dopamine 
dehydroxylase (Dadh) enzyme. Unexpectedly, 
the presence of this enzyme in gut bacterial 
genomes did not correlate with dopamine 
metabolism; instead, we identified a single- 

nucleotide polymorphism 
(SNP) in the dadh gene 
Read the full article that predicts activity. The 
at http://dx.doi. abundance of E. faecalis, 
org/10.1126/ tyrDC, and the individual 
Science.aau6323 SNPs of dadh correlated 
catutasnaecantelducaseates mill a-aiob outdone: 
mine metabolism in complex gut microbiotas 
from Parkinson’s patients, indicating that these 
organisms, genes, enzymes, and even nucleo- 
tides are relevant in this setting. 

We then tested whether the host-targeted 
AADC inhibitor carbidopa affected L-dopa de- 
carboxylation by E. faecalis TyrDC. Carbidopa 
displayed greatly reduced potency toward 
bacteria and was completely ineffective in 
complex gut microbiotas from Parkinson’s 
patients, suggesting that this drug likely does 
not prevent microbial L-dopa metabolism 
in vivo. To identify a selective inhibitor of gut 
bacterial L-dopa decarboxylation, we leveraged 
our molecular understanding of gut microbial 
L-dopa metabolism. Given TyrDC’s preference 
for tyrosine, we examined tyrosine mimics 
and found that (S)-a-fluoromethyltyrosine 
(AFMT) prevented L-dopa decarboxylation 
by TyrDC and E. faecalis as well as complex 
gut microbiota samples from Parkinson’s 
patients. Coadministering AFMT with L-dopa 
and carbidopa to mice colonized with E. faecalis 
also increased the peak serum concentration 
of t-dopa. This observation is consistent with 
inhibition of gut microbial 1-dopa metabolism 
in vivo. 


CONCLUSION: We have characterized an 
interspecies pathway for gut bacterial L-dopa 
metabolism and demonstrated its relevance 
in human gut microbiotas. Variations in these 
microbial activities could possibly contribute 
to the heterogeneous responses to L-dopa ob- 
served among patients, including decreased 
efficacy and harmful side effects. Our find- 
ings will enable efforts to elucidate the gut 
microbiota’s contribution to treatment out- 
comes and highlight the promise of devel- 
oping therapies that target both host and gut 
microbial drug metabolism. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: balskus@chemistry.harvard.edu 
(E.P.B.); peter.turnbaugh@ucsf.edu (P.J.T.) 
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The human gut microbiota metabolizes the Parkinson’s disease medication Levodopa 
(-dopa), potentially reducing drug availability and causing side effects. However, 

the organisms, genes, and enzymes responsible for this activity in patients and their 
susceptibility to inhibition by host-targeted drugs are unknown. Here, we describe 

an interspecies pathway for gut bacterial --dopa metabolism. Conversion of t-dopa to 
dopamine by a pyridoxal phosphate-dependent tyrosine decarboxylase from Enterococcus 
faecalis is followed by transformation of dopamine to m-tyramine by a molybdenum- 
dependent dehydroxylase from Eggerthella lenta. These enzymes predict drug metabolism 
in complex human gut microbiotas. Although a drug that targets host aromatic amino 
acid decarboxylase does not prevent gut microbial _-dopa decarboxylation, we identified 
a compound that inhibits this activity in Parkinson’s patient microbiotas and increases 


t-dopa bioavailability in mice. 


growing body of evidence links the trillions 
of microbes that inhabit the human gastro- 
intestinal tract (the human gut microbiota) 
to neurological conditions, including the 
debilitating neurodegenerative disorder 
Parkinson’s disease (J, 2). Gut microbes from 
Parkinson’s patients exacerbate motor deficits 
when transplanted into germ-free mouse models 
of disease (2). This effect is reversed with anti- 
biotic treatment, suggesting a causal role for gut 
microbes in neurodegeneration. Multiple studies 
have revealed differences in gut microbiota com- 
position in Parkinson’s disease patients compared 
with healthy controls that may correlate with 
disease severity (3-9). However, the influence 
of the human gut microbiota on the treatment 
of Parkinson’s and other neurodegenerative 
diseases remains poorly understood. 

The primary treatment for Parkinson’s disease 
is Levodopa (1-dopa) (10), which is prescribed to 
manage motor symptoms that result from dopa- 
minergic neuron loss in the substantia nigra. 
After crossing the blood-brain barrier, L-dopa is 
decarboxylated by aromatic amino acid decar- 
boxylase (AADC) to give dopamine, the active 
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therapeutic agent. However, dopamine generated 
in the periphery by AADC cannot cross the blood- 
brain barrier, and only 1 to 5% of L-dopa reaches 
the brain, owing to extensive presystemic metabo- 
lism in the gut by enzymes such as AADC (J/-13). 
Peripheral production of dopamine also causes 
gastrointestinal side effects, can lead to ortho- 
static hypotension through activation of vascu- 
lar dopamine receptors, and may induce cardiac 
arrhythmias (74, 15). To decrease peripheral me- 
tabolism, L-dopa is coadministered with AADC 
inhibitors such as carbidopa. Despite this, 56% of 
t-dopa is metabolized peripherally (16), and pa- 
tients display highly variable responses to the 
drug, including loss of efficacy over time (17). 

Multiple lines of evidence suggest that gut 
microbial interactions with L-dopa influence 
treatment outcomes (18). Administering broad- 
spectrum antibiotics improves L-dopa therapy, 
suggesting that gut bacteria interfere with drug 
efficacy (19, 20). The gut microbiota can also 
metabolize L-dopa, potentially reducing its bio- 
availability and leading to side effects (21-24). 
The major proposed pathway involves an initial 
decarboxylation of t-dopa to dopamine followed 
by a distinctly microbial dehydroxylation re- 
action that converts this neurotransmitter to 
m-tyramine by selectively removing the para hy- 
droxyl group of the catechol ring (Fig. 1A) (25, 26). 
When we began our work, the gut microbial 
species, genes, and enzymes involved in these 
transformations were unknown because previous 
studies examined undefined and uncharacterized 
consortia. The clinical relevance of this path- 
way was also unclear given the potential effects 
of coadministered inhibitors of host periph- 
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eral L-dopa metabolism on these gut microbial 
activities. 


The human gut bacterium Enterococcus 
faecalis decarboxylates t-dopa 


We sought to elucidate the genetic and bio- 
chemical bases for gut microbial t-dopa metab- 
olism and understand how coadministered AADC 
inhibitors affect this pathway. Using a genome- 
mining approach, we first identified strains that 
encode candidate L-dopa decarboxylating en- 
zymes. Aromatic amino acid decarboxylation is 
typically performed by enzymes using pyridoxal- 
5'-phosphate (PLP), an organic cofactor that 
provides an electron sink (27). Recently, a PLP- 
dependent tyrosine decarboxylase (TyrDC) from 
the food-associated strain Lactobacillus brevis 
CGMCC 1.2028 was shown to have promiscuous 
activity toward L-dopa in vitro (28). To locate 
TyrDC homologs in human gut bacteria, we per- 
formed a BLASTP (Protein Basic Local Alignment 
Search Tool) search against the complete set of 
Human Microbiome Project (HMP) reference 
genomes available through the National Center 
for Biotechnology Information (NCBI. The major- 
ity of hits were found in the neighboring genus 
Enterococcus, with some hits within lactobacilli 
and Proteobacteria (Fig. 1B, fig. S1, and data file S1). 
We selected 10 representative gut strains that 
contain TyrDC homologs (29 to 100% amino 
acid ID) and examined their ability to decarbox- 
ylate t-dopa in anaerobic culture. Although both 
Enterococcus faecalis and Enterococcus faecium 
displayed activity, only E. faecalis showed com- 
plete decarboxylation across all strains tested 
(Fig. 1C). All E. faecalis strains tested share the 
highly conserved four-gene ty7DC operon (fig. S2), 
and we found tyrDC in 98.4% of the E. faecalis 
assemblies deposited in NCBI with a median 
amino acid identity of 99.8 (range 97.0 to 100). 
This high degree of sequence conservation and 
prevalence is consistent with tyrosine decar- 
boxylation being a common phenotypic trait of 
E. faecalis (29). We therefore chose this preva- 
lent, genetically tractable gut organism as a model 
for characterizing L-dopa decarboxylation (30). 
Although lyophilized E. faecalis cells decarbox- 
ylate L-dopa (37) and the tyrDC operon’s role in 
tyrosine decarboxylation in E. faecalis is well- 
characterized (32), the connection between tyrDC 
and L-dopa decarboxylation was unknown. We 
used genetics and in vitro biochemistry experi- 
ments to confirm that TyrDC is necessary and 
sufficient for L-dopa decarboxylation by E. faecalis. 
E. faecalis MMH594 mutants carrying a 2-kb Tet- 
cassette disrupting tyrDC could not decarboxylate 
t-dopa (Fig. 1D and fig. S3) and displayed no 
growth defects compared with wild type (fig. S4). 
In vitro characterization of TyrDC revealed a five- 
fold higher catalytic efficiency toward L-tyrosine 
compared with L-dopa, suggesting that drug me- 
tabolism arises from promiscuous enzyme activ- 
ity (Fig. 1E, fig. S5, and table S1). This selectivity 
contrasts sharply with that of AADC, which dis- 
plays very low activity toward L-tyrosine (33). 
Although TyrDC from E. faecalis was previously 
shown to decarboxylate tyrosine and phenylalanine 
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(34-37), its ability to accept L-dopa had not been 
demonstrated. A recent, independent report also 
corroborates this finding (38). 

We next tested whether tyrosine, which is the 
preferred substrate for TyrDC and is present in 
the small intestine, could interfere with L-dopa 
decarboxylation by E. faecalis (39, 40). In com- 
petition experiments, purified TyrDC (fig. S6) 
and anaerobic E. faecalis cultures decarboxylated 
L-dopa and tyrosine simultaneously (500 uM 
tyrosine, approximating the resting small intes- 
tinal concentration) (Fig. 1F and fig. S7) (40). 
This observation sharply contrasts with previ- 
ous investigations of phenylalanine, which is 
metabolized by E. faecalis only when tyrosine is 
completely consumed (36). Simultaneous decar- 
boxylation of L-dopa and tyrosine also occurred 
in E. faecalis MMH594 cultures that contained 
higher tyrosine concentrations (1.5 mM, ap- 
proximating the small intestinal post-meal con- 
centration) (fig. S8) and in three human fecal 
suspensions (fig. S9). As observed previously 
for tyrosine, L-dopa decarboxylation occurred 
more rapidly at lower pH across all strains tested 
(figs S7 and S8), suggesting that this metabolism 
is likely accelerated at the lower pH of the upper 
small intestine (41, 42). Because the Michaelis 
constant (K,,) of TyrDC for L-dopa (1.5 mM) is 
below the estimated maximum in vivo small in- 
testinal L-dopa concentration even at its lowest 
clinically administered dose (5 mM), these data 
strongly suggest that peripheral decarboxylation 
is performed by both host and gut bacterial 
enzymes. 


Eggerthella lenta dehydroxylates dopamine 
using a molybdenum-dependent enzyme 


Having identified a gut bacterial 1-dopa decar- 
boxylase, we next examined the conversion of 
dopamine to m-tyramine because this activity 
may influence the side effects associated with 
peripheral L-dopa decarboxylation. EF. faecalis 
did not further metabolize dopamine, indicating 
that this step was performed by a different micro- 
organism. Dehydroxylation of dopamine has not 
been reported for any bacterial isolate, and a 
screen of 18 human gut strains failed to uncover 
metabolizers. Therefore, we used enrichment cul- 
turing to obtain a dopamine-dehydroxylating 
organism. Recognizing the chemical parallels be- 
tween this reductive dehydroxylation and reduc- 
tive dehalogenation of chlorinated aromatics, 
which enables anaerobic respiration in certain 
bacteria (43), we inoculated a stool sample from 
a human donor into a minimal growth medium 
containing 0.5 mM dopamine as the sole electron 
acceptor (figs. S10 and S11). Passaging over mul- 
tiple generations enriched for active strains, as 
assessed by means of a colorimetric assay for 
catechol dehydroxylation (fig. S11). This effort 
identified a strain of the gut Actinobacterium 
Eggerthella lenta (referred to herein as strain A2) 
that is capable of selectively removing the para 
hydroxyl group of dopamine to give m-tyramine 
(fig. S12). Because E. lenta also inactivates the cardiac 
drug digoxin, our finding suggests a wider role for 
this gut organism in drug metabolism (44, 45). 
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Catechol dehydroxylation is a chemically chal- 
lenging reaction that has no equivalent in synthetic 
chemistry and likely involves unusual enzymology. 
To identify the dopamine-dehydroxylating enzyme, 
we first searched the E. lenta A2 genome for genes 
that encode homologs of the only characterized 
aromatic para-dehydroxylase, 4-hydroxybenzoyl- 
CoA reductase (46), but found no hits. Assays with 
E. lenta A2 cell lysates showed dopamine dehydrox- 
ylation required anaerobic conditions and was 
induced by dopamine (fig. S13). We therefore used 
RNA-sequencing of E. lenta A2 to identify the de- 


hydroxylase. This experiment revealed >2500-fold 
up-regulation of three colocalized genes in re- 
sponse to dopamine (Fig. 2A and table S2). These 
genes encode a predicted bis-molybdopterin gua- 
nine dinucleotide cofactor (moco)-containing 
enzyme belonging to the dimethyl sulfoxide re- 
ductase family. Moco-dependent enzymes cata- 
lyze a wide variety of oxygen-transfer reactions 
but have not been demonstrated to catalyze catechol 
dehydroxylation in vitro (47). We therefore hy- 
pothesized that this enzyme was a dopamine dehy- 
droxylase (Dadh). 
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Fig. 1. E. faecalis metabolizes t-dopa using a PLP-dependent tyrosine decarboxylase. (A) Proposed 
major pathway for L-dopa metabolism by the human gut microbiota and potential for interaction 
with host-targeted drugs. (B) Phylogenetic distribution of TyrDC in the human microbiota. Human 
Microbiome Project reference genomes were queried by means of BLASTP for homologs of the 

L. brevis TyrDC, and the results are visualized on a cladogram of phylogeny [based on 16S ribosomal 
RNA (rRNA) alignment]. TyrDC homologs found sporadically within Lactobacillus spp. (Lb) are 
widely distributed among Enterococcus (Ec; average amino acid identity 67.8% over 97.6% query 
length). (C) Testing representative gut microbial strains encoding TyrDC reveals that E. faecalis 
strains reproducibly convert L-dopa to dopamine. Strains were cultured for 48 hours anaerobically. 
Bar graphs represent the mean + SEM of three biological replicates. (D) Deletion of tyrDC 
abolishes _-dopa decarboxylation by E. faecalis. Dopamine was detected in culture supernatants 
after 48 hours of anaerobic growth with 0.5 mM L-dopa. Bar graphs represent the mean + SEM of 
three biological replicates. (E) Kinetic analysis of E. faecalis TyrDC reveals a preference for tyrosine. 
Error bars represent the mean + SEM of three biological replicates. ND, not detected. (F) t-dopa 
and tyrosine are simultaneously decarboxylated in anaerobic cultures of E. faecalis MMH594 grown 
at pH 5 with 1 mM L-dopa and 0.5 mM tyrosine. Bar graphs represent the mean + SEM of three 
biological replicates. 
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To assess Dadh’s role in dopamine dehydrox- 
ylation, we first explored whether this activity 
was molybdenum-dependent by culturing E. lenta 
A2 in the presence of tungstate. Substitution of 
molybdate with tungstate during moco biosyn- 


thesis generates an inactive metallocofactor (fig. S14) 
(48). Treating cultures of E. lenta A2 with tung- 
state inhibited dopamine dehydroxylation with- 
out affecting growth (Fig. 2B and fig. S15), whereas 
incubating cell lysates with tungstate had no ef- 
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Fig. 2. E. lenta dehydroxylates dopamine using a molybdenum-dependent enzyme. (A) RNA- 
sequencing identifies a putative molybdenum (moco)—dependent dopamine dehydroxylase (Dadh) 
in E. lenta A2. Differentially expressed candidate genes (false discovery rate < 0.1 and fold 
change > |2]) are plotted as a function of genome position, revealing three discrete loci of differentially 
expressed genes. (Inset) Analysis of the largest cluster of differentially expressed genes at 0.665 Mbp 
in the scaffolded assembly (190 kg base pairs in the reference contig) revealed that a putative 

dadh was up-regulated by 2568-fold in response to dopamine. (B) Tungstate treatment inhibits 
dehydroxylation of dopamine by E. lenta A2. Cultures were grown anaerobically with tungstate 
(WO,2-) or molybdate (MoO,°-) for 48 hours with 0.5 mM dopamine. Bar graphs represent the 
mean + SEM of three biological replicates. (C) In vitro activity of Dadh-containing fractions purified 
from E. lenta A2. Extracted LC-MS/MS ion chromatograms for simultaneous detection of 
dopamine and m-tyramine after 12 hours of anaerobic incubation of enzyme preparation with 
500 uM dopamine and artificial electron donors at room temperature. Peak heights show the 
relative intensity of each mass, and all chromatograms are shown on the same scale. (D) A single 
amino acid variant predicts dopamine metabolism by E. lenta and related strains (P = 0.013 Fisher's 
exact test) and does not correlate with phylogeny. Strains were cultured anaerobically with 

500 uM dopamine for 48 hours (EI, E. lenta; Es, Eggerthella sinensis; Gs, Gordonibacter sp.; and 

Gp, Gordonibacter pamelaeae; Ph, Paraeggerthella hongkongensis). High (100% conversion) and low 
(<11% conversion) metabolizers are denoted in red and blue. For each strain, data points represent 
biological replicates (*P < 0.05 analysis of variance with Dunnett's test versus sterile controls). 
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fect, which is consistent with inhibition requir- 
ing active moco biosynthesis (fig. S16). We next 
confirmed the activity of Dadh in vitro. Heterologous 
expression of >20 constructs in multiple hosts 
failed to provide active enzyme, prompting us 
to pursue native purification. Anaerobic activity- 
guided fractionation of E. lenta A2 cell lysates 
yielded a dopamine-dehydroxylating fraction 
containing four proteins as assessed by means 
of SDS-polyacrylamide gel electrophoresis (Fig. 2C, 
fig. S17, and table S3). Dehydroxylation activity 
correlated with a 115-kDa band that was con- 
firmed with mass spectrometry (MS) to be Dadh. 
Dadh was the only isolated protein up-regulated 
in the presence of dopamine (tables S2 and S3). 
Together, these data strongly support the assign- 
ment of this enzyme. 

We next assessed whether the presence of 
dadh in microbial genomes correlated with dopa- 
mine dehydroxylation. A BLASTP search revealed 
that this enzyme is restricted to E. lenta and its 
close Actinobacterial relatives (table S4), prompt- 
ing us to screen a collection of 26 gut Actinobac- 
terial isolates (49) for their ability to dehydroxylate 
dopamine in anaerobic culture. Although Dadh 
appeared to be encoded by 24 of the 26 strains 
(92 to 100% amino acid ID) (fig. S18 and table S5), 
only 10 Eggerthella strains quantitatively con- 
verted dopamine to ™m-tyramine, with low (<11%) 
or no metabolism in the others (Fig. 2D). This 
strain-level variability in dopamine metabolism 
reinforces that gut microbial species identity 
is often not predictive of metabolic functions 
(49, 50). 

To better understand this variation, we first 
performed RNA-sequencing experiments with 
metabolizing (E. lenta 28B) and nonmetaboliz- 
ing (E. lenta DSM2243) strains in the presence 
and absence of dopamine. Surprisingly, dadh was 
up-regulated in response to dopamine in both 
strains, indicating that lack of activity in E. lenta 
DSM2243 did not arise from differences in tran- 
scription (tables S6 and S7). Aligning the Dadh 
protein sequences, we instead found a single 
amino acid substitution that almost perfectly 
predicted metabolizer status: Position 506 is an 
arginine in metabolizing strains and a serine in 
inactive strains (Fig. 2D and fig. S19). This change 
arises from a single-nucleotide polymorphism 
(SNP) in dadh. The only exception, E. lenta 
WIBHIG6, has the Arg”? variant and an addi- 
tional substitution nearby (Cys°°°) (fig. $19). 
Thus, specific amino acid residues in the Dadh 
enzyme, rather than presence or transcription of 
dadh, predict dopamine dehydroxylation among 
gut bacterial strains. The Dadh variants do not 
correlate with E. lenta phylogeny (Fig. 2D), sug- 
gesting that this activity has been gained and/or 
lost multiple times. 


E. faecalis and E. lenta metabolize 
L-dopa in human gut microbiotas 


Having identified organisms and enzymes that 
perform the individual steps in the L-dopa path- 
way, we next tested whether E. faecalis and 
E. lenta generated m-tyramine in coculture. 
Wild-type E. faecalis grown with E. lenta A2 
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Fig. 3. E. faecalis and E. lenta Dadh predict _-dopa metabolism in 
complex human gut microbiotas. (A) Metabolism of t-dopa by cocultures 
of E. faecalis and E. lenta strains cocultured for 48 hours with 1 mM d3-phenyl- 
t-dopa or 1 mM dopamine. Results are mean + SEM (n = 3 replicates). 

(B) Metabolism of d3-phenyl-i-dopa by 19 unrelated human gut microbiota 
samples ex vivo. Samples were cultured anaerobically with d3-phenyl-._-dopa 
(1 mM) for 72 hours. Results are mean concentration + SEM (n =3 
replicates). (©) The abundance of tyrDC predicts t-dopa decarboxylation 
in human gut microbiota samples. Data represent the average tyrDC 
abundance (as assessed with qPCR) across the three replicates for samples 
in (B). Results are mean + SEM (****P < 0.0001, one tailed Mann-Whitney 
test). (D) The abundance of E. faecalis (as assessed with qPCR) predicts 
t-dopa decarboxylation in human gut microbiota samples. Each data point is 
the average abundance across three biological replicates for each sample 
shown in (B). Results are mean + SEM (****P < 0.0001, one-tailed Mann- 
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Whitney test). (E) Dopamine dehydroxylation by gut microbiota samples of 
15 unrelated individuals. Samples were cultured for 48 hours with 0.5 mM 
dopamine. Bars are mean + SEM of n = 6 for low reducers (<50%) and n=9 
for high reducers (>50%) (*** P = 0.0002, one tailed Mann-Whitney test). 
(F) Dadh abundance does not correlate with dehydroxylation by human 
gut microbiotas. Data represent qPCR with Dadh-specific primers. Each 
data point is the dadh abundance in each sample shown in (E). Bars 
represent the mean and SE. (G) Dadh sequence variants predict dopamine 
dehydroxylation ex vivo. Full-length dadh from each culture in (E) was 
sequenced by using primers specific for the region containing position 
506. Samples in which a mix of variants were present (n = 5) were removed. 
Bars represent the mean and SEM [n = 3 for samples encoding the 
Arg506 Dadh variant, n = 7 for samples encoding the Ser506 Dadh variant., 
n= 3 for DSM2243, and n = 3 for A2] (** P = 0.0083, one-tailed 
Mann-Whitney test, CGC samples versus AGC samples). 


(Arg) fully converted L-dopa to m-tyramine 
(Fig. 3A). Although a coculture containing the 
E. faecalis tyrDC mutant could not consume 
L-dopa, m-tyramine was produced when exog- 
enous dopamine was added to this culture, re- 
vealing that E. lenta A2 was still metabolically 
active. Incubating wild-type E. feacalis with the 
nonmetabolizing E. lenta DSM2243 (Ser506) 
strain produced only dopamine, indicating that 
this Dadh variant is also inactive in a coculture 
setting (Fig. 3A). 

To investigate whether E. faecalis and E. lenta 
transform L-dopa in the human gut microbiota, 
we assessed the metabolism of deuterated L-dopa 
by fecal suspensions ex vivo. Whereas 7 of 19 
samples did not show detectable depletion of 
L-dopa, the remaining samples displayed sub- 
stantial variability in metabolism, ranging from 
partial (25%) to almost full conversion (98%) of 
L-dopa to m-tyramine (Fig. 3B). We next asked 
whether the abundance of tyrDC predicted me- 
tabolism in these samples. Quantitative polymer- 
ase chain reaction (qPCR) enumeration of tyrDC 
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(51) and E. faecalis discriminated metabolizing 
and nonmetabolizing samples (P < 0.0001, one- 
tailed Mann-Whitney test) (Fig. 3, C and D). By 
contrast, E. lenta abundance showed no associa- 
tion with L-dopa metabolism (fig. S20). We found 
a strong linear correlation between tyrDC abun- 
dance and E. faecalis abundance [coefficient of 
determination (R*) = 0.99, P < 0.0001] (fig. S21), 
which likely reflects the high conservation of 
tyrDC in E. faecalis genomes. These data also 
suggest that E. faecalis is the dominant micro- 
organism responsible for L-dopa decarboxylation 
in these complex human gut microbial communi- 
ties. Consistent with this, EZ. faecalis abundance 
significantly correlated with tyrDC abundance 
in 1870 human gut microbiomes (R? > 0.812, P< 
2.2 x 10°'°, Pearson’s correlation) (fig. $22). 

To confirm that E. faecalis could decarboxylate 
L-dopa in complex gut microbiotas, we added 
this organism to nonmetabolizing samples. Al- 
though introducing the tyrDC-deficient strain 
did not change L-dopa levels, including the wild- 
type strain led to complete depletion of L-dopa 
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(fig. S23, B to E). In some samples, addition of 
wild-type E. faecalis was sufficient to yield quan- 
titative production of m-tyramine, indicating 
the presence of dopamine-dehydroxylating orga- 
nisms in these communities (fig. $23, B and D). 
Last, addition of both the wild-type E. faecalis 
and the metabolizing strain E. lenta A2 to non- 
metabolizing samples or the addition of E. lenta 
A2 alone to a decarboxylating sample generated 
m-tyramine (fig. S23, A and C to E). Taken to- 
gether, these data indicate that the abundance 
of E. faecalis and its encoded tyrDC predicts the 
considerable interindividual variation in 1-dopa 
metabolism observed in complex human gut mi- 
crobiota samples. 

As expected from our previous experiments, 
neither the abundance of E. lenta nor dadh 
predicted dopamine dehydroxylation in complex 
gut microbial communities (Fig. 3, E and F, and 
fig. S24). However, when we amplified dadh 
from these cultures and determined the SNP 
status at position 506, we found samples that 
contained the Arg°°° variant quantitatively 
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Fig. 4. -dopa decarboxylation by E. faecalis is inhibited by AFMT but not the host-targeted 
drug carbidopa. (A) Carbidopa and AFMT. (B) Carbidopa preferentially inhibits human AADC 

over TyrDC. AADC or TyrDC were incubated with inhibitor, and reaction rates were measured with 
LC-MS/MS. “% Activity” represents the rate relative to a no inhibitor (vehicle) control. Results 

are mean + SEM (n = 3 replicates). (C) Activity of carbidopa and AFMT in cultures of E. faecalis 
grown for 16 hours anaerobically with 0.5 mM t-dopa. Error bars represent the mean + SEM for 
three biological replicates. (D) Activity of carbidopa in a human fecal microbiota from a Parkinson's 
patient. The sample was cultured anaerobically with carbidopa and 1 mM d3-phenyl-.-dopa for 

72 hours. Error bars represent the mean + SEM for three biological replicates. (E) AFMT 
preferentially inhibits TyrDC over AADC in vitro. AADC or TyrDC were incubated with inhibitor, 
and reaction rates were measured with LC-MS/MS. “% Activity” represents the rate relative to a 
no inhibitor (vehicle) control. Error bars represent the mean + SEM for three biological replicates. 
(F) Detection of an AFMT-PLP covalent adduct after incubation of TyrDC or AADC with AFMT 

for 1 hour. The data shown is the extracted ion chromatogram of the mass of the predicted covalent 
adduct. (G) Action of AFMT in human fecal microbiotas from Parkinson's patients incubated 
anaerobically with AFMT and 1 mM d3-phenyl-.-dopa for 72 hours. Error bars represent the 

mean + SEM for three biological replicates. (H) Pharmacokinetic analysis in gnotobiotic mice 
colonized with E. faecalis and given .-dopa + carbidopa + AFMT demonstrates higher serum .-dopa 
relative to vehicle controls. Error bars represent the mean + SEM. (1) The maximum serum 
concentration (Cmax) of t-dopa is significantly higher with AFMT relative to vehicle controls. In (H) 
and (1), *P < 0.05, Mann-Whitney U test; n = 4 to 5 mice per group. 
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metabolized dopamine, whereas the activity 
of samples that carried the Ser®°° variant was 
indistinguishable from the nonmetabolizing 
E. lenta DSM2243 strain (Fig. 3G). These find- 
ings indicate that a single amino acid residue 
in a gut microbial enzyme predicts dopamine 
metabolism in complex communities. Given 
that dadh is highly prevalent (>70%) in gut 
microbiomes from human subjects and the two 
dadh variants are present among this popula- 
tion (figs. S22 and S25), we speculate that SNPs 
may influence xenobiotic metabolism in the 
context of both the host genome (52) and the 
human gut microbiome (53). 

To further explore the clinical relevance of our 
findings, we assessed the metabolism of dopamine 
and 1-dopa by fecal suspensions from Parkinson’s 
disease patients ex vivo. Similar to control sub- 
jects, these individuals displayed substantial 
variability in metabolism of L-dopa (fig. S26A). 
qPCR assays revealed that tyrDC abundance 
and E. faecalis abundance discriminated between 
.-dopa decarboxylating and nondecarboxylating 
samples (P < 0.005, one-tailed Mann-Whitney 
test) (fig. S26, C and D). We also observed deple- 
tion of L-dopa without corresponding produc- 
tion of dopamine or m-tyramine in three samples 
(fig. S26A). Instead, L-dopa was converted to 
hydroxyphenylpropionic acid (fig. S26B), a path- 
way thought to make a minor contribution to 
drug metabolism in vivo (22, 25, 26). Last, we 
found that the dadh SNP predicted dopamine 
dehydroxylation in these samples (fig. S27). Over- 
all, these data support a role for gut bacteria in 
the extensive interindividual variability in t-dopa 
decarboxylation observed in Parkinson’s patients 
(13). A recent study reported that stool tyrDC 
abundance is positively correlated with 1-dopa 
dosage in patients (38) but did not demonstrate 
a connection between tyrDC and t-dopa de- 
carboxylation in these samples. Our findings 
indicate this metabolic activity may indeed affect 
i-dopa therapeutic efficacy. 


(S)-a-Fluoromethyltyrosine (AFMT) 
inhibits gut microbial 
L-dopa metabolism 


Having shown that FE. faecalis and E. lenta en- 
zymes predict L-dopa metabolism by complex 
patient gut microbiotas, we next investigated 
whether this interspecies pathway was suscepti- 
ble to inhibition by drugs that target peripheral 
t-dopa decarboxylation. In the United States, 
Parkinson’s patients are coprescribed carbidopa 
(Fig. 4A), an t-dopa mimic that inhibits AADC 
by forming a stable, covalent hydrazone linkage 
with its PLP cofactor (54). We found carbidopa 
was 200 times less active toward purified E. faecalis 
TyrDC [half maximal inhibitory concentration 
(IC50) = 57 uM] relative to H. sapiens AADC (ICs = 
0.21 uM) and showed only ~50% inhibition of 
L-dopa decarboxylation by E. faecalis cultures at 
the solubility limit of 2 mM (Fig. 4, B and C, and 
table S8), which is consistent with recently reported 
findings (38). Additionally, carbidopa did not affect 
growth of E. faecalis or metabolism or growth 
of E. lenta (figs. S28 to S30). Given the maximum 
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predicted gastrointestinal concentration of car- 
bidopa (0.4 to 9 mM), these data suggest that this 
drug does not fully inhibit gut bacterial 1-dopa 
decarboxylation in Parkinson’s patients. We 
found that 2 mM carbidopa did not alter the 
kinetics of L-dopa degradation (fig. S31) or end- 
point m-tyramine production in stool samples 
from both Parkinson’s patients and neurolog- 
ically healthy controls (Fig. 4D and fig. $32). 
These observations support previous findings 
that carbidopa administration does not affect 
m-tyramine production in patients (55). 

Our results also highlight the possibility of 
therapeutically targeting gut microbial L-dopa 
decarboxylation to increase L-dopa efficacy. To 
selectively manipulate gut bacterial TyrDC in com- 
plex microbiotas, we turned to o-fluoromethyl 
amino acids, which are known mechanism-based 
inhibitors of PLP-dependent decarboxylases (33). 
A survey of potential amino acid substrates re- 
vealed that TyrDC requires a p-hydroxyl group 
for robust activity, whereas AADC prefers a 
m-hydroxyl substituent (fig. S33), leading us to 
hypothesize that the L-tyrosine analog (S)-a- 
fluoromethyltyrosine (AFMT) (Fig. 4A) might 
selectively inhibit the microbial enzyme. In vitro, 
AFMT strongly inhibited 1-dopa decarboxylation 
by TyrDC (ICs9 = 4.7 uM) but not AADC (~20% 
inhibition at solubility limit of 650 uM) (Fig. 4E 
and table S8). Consistent with this selectivity, 
AFMT formed a covalent PLP adduct only in 
the presence of TyrDC (Fig. 4F). AFMT was also 
effective in E. faecalis cultures (ECso = 1.4 uM) 
(Fig. 4C), outperforming carbidopa by 1000-fold 
without affecting growth (table S8 and fig. S29). 
It also reduced L-dopa decarboxylation by co- 
cultures of E. faecalis and E. lenta without affect- 
ing growth or metabolism of E. lenta (figs. S29, 
$30, and S34). Last, AFMT completely inhibited 
t-dopa decarboxylation in gut microbiota samples 
from Parkinson’s disease patients and neurologi- 
cally healthy control subjects (Fig. 4G and fig. $35) 
and was nontoxic to eukaryotic cells (fig. S36). 

To investigate AFMT activity in vivo, we ad- 
ministered either AFMT (25 mg/kg) or a vehicle 
control in combination with L-dopa (10 mg/kg) 
and carbidopa (30 mg/kg) to gnotobiotic mice 
colonized with E. faecalis MMH594 (Fig. 4H). 
We found that AFMT significantly increased 
the peak serum concentration (C,,,x) of L-dopa 
compared with vehicle (P < 0.05, two-tailed 
Mann Whitney test) (Fig. 41), which is consistent 
with inhibition of first-pass gut microbial metab- 
olism in the intestine. Although we cannot rule 
out the possibility that AFMT modulates addi- 
tional, uncharacterized targets, this observation 
is consistent with our in vitro inhibition data. 
This result also aligns with a recent report that 
small intestinal tyrDC abundance negatively 
correlates with plasma 1-dopa levels in conven- 
tional rats receiving L-dopa and carbidopa (38). 
Overall, these data suggest that AFMT could be 
a promising tool compound for the study of 
bacterial t-dopa metabolism (56) and highlight 
the promise of developing t-dopa-based com- 
bination therapies containing drugs that target 
both host and gut microbial decarboxylation. 
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Conclusions 

We have used chemical knowledge and interdis- 
ciplinary tools to decipher the molecular mech- 
anisms by which gut bacteria interfere with the 
treatment of Parkinson’s disease. The decarbox- 
ylation of L-dopa by E. faecalis mirrors host drug 
metabolism and, together with human AADC, 
likely limits drug availability and contributes to 
interindividual variation in efficacy. Together 
with recent work dissecting host and gut micro- 
bial contributions to the antiviral drug brivudine 
(57), our findings show that gut bacterial metab- 
olism need not be chemically distinct from host 
activities to alter drug efficacy and suggest that 
such interactions may be underappreciated. 
Moreover, carbidopa’s failure to prevent L-dopa 
decarboxylation by E. faecalis implies that ad- 
ditional host-targeted drugs may lack efficacy 
toward activities also present in the gut micro- 
biota. Although a recent, independent study 
also characterized E. faecalis TyrDC’s role in 
t-dopa decarboxylation and its lack of sus- 
ceptibility to carbidopa (38), it did not show 
that this activity occurs in human gut micro- 
biotas or identify strategies for inhibiting the 
bacterial enzyme. By contrast, we demonstrate that 
TyrDC predicts drug metabolism in Parkinson’s 
patient microbiotas and use an understanding 
of its substrate specificity to identify a small 
molecule that prevents L-dopa decarboxylation 
in patient samples and increases 1-dopa bio- 
availability in vivo. Through discovery of pre- 
dictive biomarkers for t-dopa metabolism and 
identification of an inhibitor of this activity, this 
work will enable efforts to elucidate the con- 
tribution of the gut microbiota to drug availa- 
bility, patient drug response, and treatment 
outcomes. 

We also show that E. lenta further metabolizes 
the dopamine produced by 1-dopa decarboxyla- 
tion using a distinctly microbial reaction, catechol 
dehydroxylation. It is possible that this transfor- 
mation influences the multiple side effects of 
t-dopa administration linked to dopamine pro- 
duction. This discovery also raises questions 
about the biological consequences of gut micro- 
bial metabolism of endogenous dopamine, which 
is present in the gastrointestinal tract and has 
been linked to phenotypes ranging from gut 
motility to pathogen colonization (58-60). The 
biological activity of the gut microbial metabolite 
m-tyramine in the host and the benefits of this 
metabolism for E. lenta are also poorly under- 
stood. Our findings will enable further study of 
these phenomena. Given that gut microbes de- 
hydroxylate catechol groups found in numerous 
aromatic drugs and dietary compounds (78, 67-63), 
the discovery of Dadh will enable identification 
of additional catechol dehydroxylases and help 
to elucidate the biological role of this enigmatic 
transformation. Uncovering the unexpected ef- 
fect of SNPs on gut microbial dopamine metab- 
olism suggests that simply detecting functional 
genes may not accurately predict the activities 
encoded by the human gut microbiome and 
underscores the importance of studying enzymes 
from this community. 
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Materials and methods summary 

Our methods for the identification and bio- 
chemical characterization of E. faecalis TyrDC; 
characterization of anaerobic L-dopa metabo- 
lism by E. faecalis and gut microbiota samples; 
enrichment culturing for dopamine dehydrox- 
ylating organisms; RNA-sequencing; culture- 
based assays; purification of Dadh; assays of 
anaerobic dopamine metabolism by Actinobacte- 
ria and complex gut microbiota samples; PCR and 
qPCR assays; liquid chromatography-MS (LC-MS) 
methods; and assays for evaluating inhibitors 
in vitro, ex vivo, and in vivo are provided in the 
supplementary materials. Additional informa- 
tion about our protocols, including references 
to the supplementary materials, can be found 
throughout the main text. 
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INTRODUCTION: Chemical defense strate- 
gies, in which organisms use toxic molecules 
for protection against pathogens or predators, 
are widespread in the marine environment. In 
some cases, the same defensive molecules are 
shared by taxonomically distant organisms, 
raising questions about their molecular origin. 
The actual source of these molecules may be 
the organism itself, as observed in 
marine algae; a microbial symbiont, 
as commonly seen in marine sponges 
and tunicates; or diet, as in several 
marine mollusks. Elucidating the 
molecular basis of toxin production 
in chemically defended organisms is 3 
important for a complete understand- 

ing of their ecological interactions. 


RATIONALE: In this work, we studied 
toxin production in the Hawaiian 
marine alga Bryopsis sp. and its pred- 
ator, the mollusk Elysia rufescens. 
Both organisms are chemically de- 
fended against predators by a di- 
verse library of lipopeptide toxins, 
the kahalalides, but the details of 
kahalalide production and diversifi- 
cation are unknown (see the figure). 
One of these molecules, kahalalide F, 
is a potent cytotoxin and has been 
evaluated clinically as an anticancer 
agent. The molecular structures 
of the kahalalides show several fea- 
tures of microbial biosynthesis: 
They are fatty acid-cyclic peptide 
hybrids with several p- and non- 
proteinogenic amino acids, thus motivating 
us to hypothesize that the kahalalides are 
produced by a bacterial or fungal symbiont 
of Bryopsis sp. or of both Bryopsis sp. and 
FE. rufescens. We combined metagenomic, 
metatranscriptomic, and chemical analyses 
with microbial cultivation, fluorescence mi- 
croscopy, and evolutionary genomics to de- 
termine the molecular bases of kahalalide 
production and evolution in this tripartite 
marine symbiosis. 
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oe 
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RESULTS: Using metagenomic analyses, we 
discovered a bacterium—termed “Candidatus 
Endobryopsis kahalalidefaciens”—that has no 
cultured close relatives, and we show that it lives 
in symbiosis with the alga Bryopsis sp. (see the 
figure). Using fluorescence microscopy, bacterial 
cultivation, and comparative genomics, we show 
that “Ca. E. kahalalidefaciens” is an intracellular, 
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Chemical defense in a tripartite marine symbiosis. The 
bacterial symbiont “Ca. E. kahalalidefaciens,” which lives intra- 
cellularly in the marine alga Bryopsis sp., produces a diverse 
library of toxins (the kahalalides) that protect the host from 
predation. The mollusk E. rufescens sequesters the same toxins 
from its algal diet and employs them for its own defense. 


obligate, genome-reduced symbiont that has lost 
essential functions for free living (e.g., amino acid 
biosynthesis). Despite this reduced metabolic 
capacity, 20% of the “Ca. E. kahalalidefaciens” 
genome encodes a diverse set of 20 nonribo- 
somal peptide synthetase pathways. We link 
nine of these pathways to nine structurally 
diverse kahalalides (including kahalalide F, 
the main defensive toxin of both Bryopsis sp. 
and E. rufescens), which we then chemically 
identify in the same sample of Bryopsis sp. 


“\ Ca.E. kahalalidefaciens 


None of the amino acid substrates that make 
up the kahalalides can be produced by “Ca. 
E. kahalalidefaciens” itself; therefore, these 
substances are mostly provided by the auto- 
trophic Bryopsis sp., highlighting an unusual 
strategy of collaborative biosynthesis be- 
tween a symbiotic bacterium and its host. 
Moreover, using metagenomic analysis and 
fluorescence microscopy, we show that “Ca. 
E. kahalalidefaciens” is not a symbiont of the 

mollusk E. rufescens, es- 
tablishing chemical seques- 
Read the full article tration as the means by 
at http://dx.doi. which this animal indi- 
org/10.1126/ rectly acquires bacterially 
science.aaw6732 produced kahalalides from 
sca tt ec ct a its alpal: diet 

Detailed analysis of the “Ca. E. kahalalidefaciens” 
genome reveals a high level of plasticity and 
a distinctive model of diversifying evolution 
that is independent of horizontal gene trans- 
fer, consistent with the intracellular lifestyle 
of this symbiont. In this model, new non- 
ribosomal peptide synthetase pathways arise 
through duplication and divergence, accom- 

panied by extensive interpathway 
recombination events. Finally, meta- 
transcriptomic analysis reveals that 
26% of the transcriptional activity of 
“Ca. E. kahalalidefaciens” is dedi- 
cated to kahalalide biosynthesis and 
that biosynthetic pathways for dif- 
ferent kahalalides vary widely in 
their expression levels, further em- 
phasizing the importance of these 
molecules in maintaining a success- 
ful symbiosis. 


CONCLUSION: In a chemically de- 
fended, tripartite marine symbiosis, 
we show that an obligate bacterial 
symbiont of a marine alga produces 
a library of defensive molecules that 
protect the host from predation, 
and that the same molecules are 
in turn hijacked by a predatory mol- 
lusk and used for its own defense. 
Living intracellularly in algal cells, 
the symbiont acts as a microbial fac- 
tory for the biosynthesis of complex 
defensive molecules from simple 
host-derived substrates. Symbiont- 
derived production of defensive mol- 
ecules in marine algae and indirect acquisition 
of microbial products by predatory mollusks 
may thus be important yet rarely studied 
phenomena in marine ecosystems. 
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Chemical defense against predators is widespread in natural ecosystems. Occasionally, 
taxonomically distant organisms share the same defense chemical. Here, we describe an 
unusual tripartite marine symbiosis, in which an intracellular bacterial symbiont 
(“Candidatus Endobryopsis kahalalidefaciens”) uses a diverse array of biosynthetic 
enzymes to convert simple substrates into a library of complex molecules (the kahalalides) 
for chemical defense of the host, the alga Bryopsis sp., against predation. The 
kahalalides are subsequently hijacked by a third partner, the herbivorous mollusk 
Elysia rufescens, and employed similarly for defense. “Ca. E. kahalalidefaciens” has lost 
many essential traits for free living and acts as a factory for kahalalide production. 
This interaction between a bacterium, an alga, and an animal highlights the importance 
of chemical defense in the evolution of complex symbioses. 


ne of the most efficient defense strate- 
gies in the ocean is chemical defense, in 
which organisms accumulate toxic small 
molecules that kill and/or deter predators 
(2). Because of the structural complexity 
of these defensive chemicals and their similarity 
to bacterial products, many have been proposed 
to originate from bacterial symbionts (2, 3). In- 
deed, defensive molecules of substantial toxicity 
have been genetically linked to specific bacterial 
symbionts of several marine animals (4). The 
concept of chemical defense can also extend 
beyond a single animal, with the same chem- 
icals benefiting a network of partners. This 
phenomenon is common in marine mollusks 
that prey on chemically defended organisms 
and sequester the organisms’ toxic chemicals 
for their own defense (5). Although these two 
phenomena—production of defensive chem- 
icals by bacterial symbionts and sequestration 
of defensive chemicals by predatory mollusks— 
have been separately described in marine sys- 
tems, their integration in multipartite symbioses 
is rarely studied. 
In this work, we investigated the marine alga 
Bryopsis sp. and its predator mollusk Elysia 
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rufescens (Fig. 1). Bryopsis sp. harbors a toxic 
lipopetide molecule, kahalalide F (KF) (6), which 
was shown to be responsible for chemical de- 
fense against predators (7). Unlike other pred- 
ators that are repelled by this toxin, E. rufescens 
not only feeds on KF-containing Bryopsis sp., 
but it also accumulates KF in its body at several 
times the concentration in Bryopsis sp. and 
employs KF for its own defense (7-9). Similarly 
to other species of Elysia, E. rufescens addition- 
ally maintains photosynthetically active algal 
chloroplasts in its digestive organs for several 
months, in a phenomenon known as kleptoplasty 
(10). Although KF has been isolated only from 
Bryopsis sp. and E. rufescens, it contains struc- 
tural features that suggest a possible microbial 
origin, namely nonproteinogenic amino acids 
(e.g., ornithine, dehydrobutyrine, and several 
p-amino acids) and a fatty acid moiety (Fig. 1). 
These features motivated us to hypothesize that 
KF is produced by a cryptic third partner, such 
as a bacterial or fungal symbiont. To test this 
hypothesis and study the molecular and evolu- 
tionary details of toxin production in this un- 
usual system, we employed a multidisciplinary 
approach that combines metagenomic, meta- 
transcriptomic, and chemical analyses; micro- 
bial cultivation; fluorescence microscopy; and 
evolutionary genomics. 


KF production by a bacterial symbiont 


We collected fresh Bryopsis sp. specimens from 
an algal bloom at the exact location where KF was 
originally reported (Black Point Bay, Honolulu, 
Hawaii; sample designated Bryopsis-2015) (Fig. 
1A) and analyzed them using a variety of chem- 
ical and molecular techniques. First, we chem- 


ically extracted Bryopsis-2015 as previously 
described (6), analyzed its resulting organic 
extract using high-performance liquid chro- 
matography coupled with high-resolution tandem 
mass spectrometry (HPLC-HR-MS/MS), and con- 
firmed that it harbors KF (fig. S1 and table S1). 
Second, to investigate the microbial commu- 
nity associated with Bryopsis-2015, we used 
high-throughput 16S ribosomal RNA (rRNA) 
gene amplicon sequencing (104,000 reads, on 
average, V4 region) on DNA isolated from mul- 
tiple replicates of the same algal collection. Sur- 
prisingly, only three bacterial classes dominate the 
Bryopsis-2015 microbiome—Gammaproteobacteria 
(11.8% of the reads, on average), Alphaproteo- 
bacteria (9.3%), and Flavobacteriia (11.8%)— 
whereas most of the remaining reads (57.0%) 
map to the chloroplast-encoded 16S rRNA gene in 
Bryopsis sp. (Fig. 1C). A single sequence accounts 
for 74.1 to 92.0% of the fraction assigned to the 
class Flavobacteriia, making it the single most 
dominant species in Bryopsis-2015. Notably, four 
biological replicates collected on two consecutive 
days showed consistent microbiome profiles. 
These results reveal a relatively simple and uni- 
form microbiome composition for KF-containing 
Bryopsis sp. 

Owing to the cyclic lipopeptide nature of KF 
(Fig. 1D), this compound could be synthesized 
either by a nonribosomal peptide synthetase 
pathway (NRPS) or by a ribosomally synthesized 
and posttranslationally modified peptide path- 
way (RiPP) (//, 12). In both cases, it is relatively 
straightforward to computationally link a bio- 
synthetic gene cluster to its product. In NRPSs, 
the number of modules, the substrate specificity 
of the adenylation (A) domains, and the pres- 
ence or absence of epimerization (E) domains 
are distinctive for a particular molecule. In RiPPs, 
the primary amino acid sequence of the final 
molecule is directly encoded on a precursor pep- 
tide within the biosynthetic gene cluster. To 
examine whether bacterial or fungal members 
of the Bryopsis sp. microbiome encode biosyn- 
thetic gene clusters consistent with the structure 
of KF, we deeply sequenced the Bryopsis-2015 
metagenomic DNA using Illumina [48 million 
paired-end reads, 175 base pairs (bps)], per- 
formed multiple iterations of assemblies on the 
produced data, and queried the reads and re- 
sulting assemblies for possible biosynthetic gene 
clusters using several search strategies (see ma- 
terials and methods). 

First, for RiPP pathways, we searched for the 
expected primary amino acid sequence of KF 
(VIVVPRITIVFTV, where R replaces ornithine and 
T replaces dehydrobutyrine) against a database 
of algal metagenomic reads and contigs using 
the tBLASTn mode of the Basic Local Alignment 
Search Tool. Second, for NRPS pathways, we 
constructed a database of 36 phylogenetically 
diverse NRPS proteins and used it as a query for 
tBLASTn searches against the Bryopsis-2015 
metagenomic assembly (18,308 scaffolds with 
length >5 kbps). Third, we subjected the same scaf- 
folds to antiSMASH analysis, a stand-alone tool 
for the unbiased identification of small-molecule 
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Fig. 1. Bacterial composition and chemical defense of the Bryopsis— 
Elysia symbiotic system. (A) The natural Bryopsis sp. bloom studied 

in this work. (B) E. rufescens feeding on Bryopsis sp. in the laboratory. 
(C) Composition of Bryopsis-2015—associated bacterial communities 
across four different replicates collected on two consecutive days (A and 
B: 29 March 2015; C and D: 30 March 2015) and grouped at the class 


biosynthetic gene clusters (13, 14). Although 
no matches to the primary KF sequence were 
retrieved using the RiPP search strategy, 130 
scaffolds (5 to 394 kbps in length) that encode 
NRPS pathways were discovered using the NRPS 
search strategy. In addition, antiSMASH anno- 
tated a total of 25 scaffolds as NRPSs, only three 
of which were not detected with the BLAST 
strategy. Unfortunately, none of the 133 scaf- 
folds containing possible NRPSs constituted 
a 13-domain pathway, as would be expected 
for KF, implying that the presumed KF bio- 
synthetic gene cluster may be fragmented or 
unclustered. Careful analysis of the multimodular- 
NRPS-containing scaffolds revealed 33 scaffolds 
that have similar average GC content (~50%) and 
similar coverage in the metagenome (>300X), 
suggesting that they may be part of one large 
NRPS pathway or at least part of the same bac- 
terial genome (fig. S2). 

To obtain a better assembly for the fragmented 
NRPS scaffolds, we subjected Bryopsis-2015 meta- 
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genomic DNA to long-read, single-molecule real- 
time (SMRT) sequencing using the Pacific Bio- 
sciences platform (three SMRT cells, 325,000 reads, 
median insert size of 9 kbps). After assembly and 
error correction with the high-quality Illumina 
reads, we successfully closed a ~2.3-Mbp bacte- 
rial genome in which several of the partial NRPS 
sequences from the Illumina assembly were joined 
to produce a 55.6-kbp NRPS pathway (NRPS-8) 
that is consistent with the final KF structure 
(Fig. 2). Several lines of evidence link NRPS-8 
to KF biosynthesis: (i) It begins with a starting 
condensation domain, as predicted by multiple 
biosynthetic analysis algorithms (NaPDoS and 
antiSMASH); these types of domains catalyze 
an amide bond formation between a fatty acid 
and the first amino acid of the growing peptide 
chain (13-15). Indeed, the KF structure starts 
with 5-methyl hexanoic acid conjugated to the 
first valine residue. (ii) It consists of 13 NRPS 
modules, as expected for the tridecapeptide KF. 
(iii) Modules 1, 4, 5, 7, 8, 9, 10, and 12 of NRPS-8 
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level. Rare taxa (<1% of total sequences) are labeled as “Others.” The inset 
bar graph represents the percentage of a single 16S rDNA sequence 
(hereafter designated “cEK") that dominates the class Flavobacteriia. 

(D) Molecular structure of kahalalide F (KF), the main defensive chemical 
in both Bryopsis sp. and E. rufescens. Structural features commonly 
associated with microbial biosynthesis are depicted in red, blue, and pink. 


contain epimerization domains, which are re- 
sponsible for converting the stereochemistry of 
the loaded amino acid from the 1 form to the 
p form (//). In agreement with this, KF harbors 
7 p-amino acids at positions 1, 4, 5, 7, 8, 9, and 10, 
which correspond exactly to these epimerizing 
modules (threonine residue at position 12 is de- 
hydrated to dehydrobutyrine, which is achiral). 
(iv) The predicted substrate specificity of almost 
all adenylation domains in NRPS-8 matches the 
amino acid residues observed in KF, in an anal- 
ysis performed using published algorithms and 
further supported by a detailed phylogenetic 
analysis (see materials and methods and figs. S3 
and S4) (16). Notably, at 40 kbps downstream of 
NRPS-8, the same genome encodes a 16S rRNA 
gene that is identical to the aforementioned, 
most abundant bacterium in the sample. A 16S 
rDNA-based phylogenetic tree of related organ- 
isms placed this bacterium as a previously un- 
known genus in the family Flavobacteriaceae, 
order Flavobacteriales, class Flavobacteriia, and 
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Fig. 2. The large biosynthetic 
capacity of “Ca. E. kahalalidefaciens.” 
(A) Circular map of the “Ca. 

E. kahalalidefaciens” chromosome. 
Tracks (from outermost to innermost) 
represent genes on the forward frame, 
genes on the reverse frame, RNAs, 

GC content, and GC skew. Genes are 
color coded according to the Cluster of 
Orthologous Groups (COG) categories in 
the Integrated Microbial Genome plat- 
form (21) (A, RNA processing and mod- 
ification; B, chromatin structure and 
dynamics; C, energy production 

and conversion; D, cell cycle control, 
cell division, and chromosome 
partitioning, E, amino acid transport and 
metabolism; F, nucleotide transport 

and metabolism; G, carbohydrate 
transport and metabolism; H, coenzyme 
transport and metabolism; |, lipid transport 
and metabolism; J, translation, 
ribosomal structure, and biogenesis; 

K, transcription; L, replication, 
recombination, and repair; M, cell 
wall/membrane/envelope biogenesis; 

N, cell motility; O, posttranslational 
modification, protein turnover, 

and chaperones; P, inorganic ion 
transport and metabolism; Q, secondary 
metabolites biosynthesis, transport, 

and catabolism; R, general function 
prediction only; S, function unknown; 

T, signal transduction mechanisms; 

U, intracellular trafficking, secretion, and 
vesicular transport; V, defense mecha- 
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nisms; W, extracellular structures; X, 
mobilome, prophages, and transposons; 
Y, nuclear structure; Z, cytoskeleton; 
and NA, not assigned). Note that 99.7% 
of the aggregate length of genes 
classified in the COG category Q in the 
“Ca. E. kahalalidefaciens” chromosome 
(red) correspond to NRPS pathways 
and occupy 20% of the genome 

coding capacity. (B) Genetic organiza- 
tion of the 20 NRPS pathways 

in “Ca. E. kahalalidefaciens” 

(ordered by size), where each 

arrow indicates a single gene. 


phylum Bacteroidetes (fig. S5)—a taxonomical 
group not known as a prolific producer of com- 
plex small molecules. We termed this bacterium 
“Candidatus Endobryopsis kahalalidefaciens” 
(Latin for “kahalalide-making”). 


Symbiont biosynthetic capacity 


Further analysis of the “Ca. E. kahalalidefaciens” 
genome revealed that it harbors 20 NRPS path- 
ways, ranging in size from 3.9 (NRPS-4) to 55.6 
(NRPS-8) kbps and accounting for all 33 high- 
coverage, ~50% GC NRPS fragments previously 
found in the Illumina assembly (Fig. 2 and fig. $2). 
Unusually for bacteria, these NRPS pathways oc- 
cupy 20% of the genome. Since the initial dis- 
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covery of KF from Bryopsis sp. and E. rufescens, 
other work has detected >15 cyclic and linear 
lipopeptides of different lengths and amino acid 
compositions from samples collected at the same 
site; these molecules are known collectively as 
the kahalalides (Fig. 3) (8, 9, 17-20). Because 
these molecules have been reported from the 
same species (sometimes at abundances sim- 
ilar to that of KF) and because of the structural 
similarities between KF and the rest of the 
kahalalides, we asked whether the remaining 
19 NRPSs in the “Ca. E. kahalalidefaciens” ge- 
nome encode other known kahalalides. 

To answer this question, we compared the 
19 remaining NRPSs encoded in the genome 


5 kbps 


to the kahalalide structures. Overall, we were 
able to link eight additional NRPSs in the “Ca. 
E. kahalalidefaciens” genome to eight corre- 
sponding kahalalide chemotypes (a distinct 
chemotype can encompass several kahalalides 
sharing the same amino acid sequence and 
differing only in the length or hydroxylation of 
the fatty acid, hydroxylation of a proline residue 
in the molecule, or linearization of the cyclic 
peptide) (Fig. 3 and fig. S6). Although a genetic 
knockout (loss of function) or heterologous ex- 
pression (gain of function) is typically needed 
to unequivocally connect biosynthetic gene clus- 
ters to their products, five lines of evidence in- 
dicate that “Ca. E. kahalalidefaciens” synthesizes 
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Fig. 3. Structural and biosynthetic diversity of kahalalides from 
Bryopsis sp. (A) Molecular structures of nine kahalalides that can be 
bioinformatically linked to specific NRPS pathways in “Ca. E. kahalalide- 
faciens” and chemically detected in Bryopsis-2015. (B) Extracted ion 
chromatograms (EICs) for the mass/charge ratios (m/z) corresponding to 
the (M + H)* ions of the molecules in (A), as detected in the chemical extract 
of Bryopsis-2015. An asterisk indicates the peak corresponding to the 
molecule of interest. (©) Amino acid composition of the nine kahalalides 
shown in (A), indicating the position and stereochemistry of each amino 
acid on a linear scale. Kahalalide names are represented with two-letter 
abbreviations (e.g., kahalalide D = KD), and amino acids are denoted by their 
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canonical one-letter codes (A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; 
I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; 

V, Val: W, Trp; Y, Tyr) except for ornithine (O) and dehydrobutyrine (DB). 

FA, fatty acid. (D) Domain organization of “Ca. E. kahalalidefaciens”—encoded 
NRPS pathways that were bioinformatically linked to corresponding 
kahalalides in C (Cs, starting condensation domain; A, adenylation; T, 
thiolation; E, epimerization; C, condensation; and TE, thioesterase). The 
number of modules in a given NRPS and the number and position of 
epimerization domains encoded in it (black) match exactly what is observed 
in its linked product (see also substrate specificity analyses in figs. S3 

and S6 and detailed HR-MS/MS analyses in table S1 and figs. Sl and S7). 
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Fig. 4. Localization of “Ca. E. kahalalidefaciens” in Bryopsis sp. using FISH. Epifluorescent micrographs of a Bryopsis sp. section hybridized with 
(A) universal eubacterial probes EUB338 | to III (labeled with Cy3, red) and (B) “Ca. E. kahalalidefaciens”—specific probe JZP2 (labeled with 6-FAM, 
green). (C) Algal cell wall of the same section viewed under a 4’,6-diamidino-2-phenylindole (DAPI) channel using calcofluor counterstaining. 


(D) Composite of images (A) to (C), showing the colocalization of the red and green signals for “Ca. 


Arrows indicate bacteria: cEK, “Ca. E. kahalalidefaciens”; OB, other bacteria. 


all other kahalalides previously reported from 
this Bryopsis sp. First, consistent with the lipo- 
peptide nature of the kahalalides, the matched 
NRPSs begin with a starting condensation do- 
main. Second, the number of modules in the 
NRPSs and the position of epimerization domains 
in the modules match exactly the size and L- and 
p-amino acid positions in the corresponding 
molecules. Third, the predicted substrate spec- 
ificity of adenylation domains in the NRPS 
(based on prediction algorithms and detailed 
phylogenetic analysis of the A domains) pre- 
dominantly match the amino acid composition 
of the corresponding kahalalides (Fig. 3 and 
figs. S4 and S6). Fourth, no other NRPS pathways 
recovered from the metagenome are consistent 
with the structure of any of the kahalalides 
(97 scaffolds). Finally, and most importantly, in 
every case where we were able to bioinformat- 
ically match an NRPS in “Ca. E. kahalalidefaciens” 
to a corresponding kahalalide, we successfully 
confirmed the presence of the exact molecule 
in the chemical extract of Bryopsis-2015 using 
HPLC-HR-MS/MS analysis (Fig. 3, fig. S7, 
and table S1). These results establish “Ca. 
E. kahalalidefaciens” as a symbiotic microbial 
factory for at least nine complex molecules that 
are abundant enough to be isolated from the 
algal host. Of these nine molecules, at least one 
was shown to be essential for the host’s chem- 
ical defense against predators. 


An intracellular symbiont with a 
reduced genome 


Apart from the NRPS-coding regions, the remaining 
coding capacity of the “Ca. E. kahalalidefaciens” 
genome is only 1.87 Mbps (average genome size 
in the Flavobacteriaceae family is ~3.7 Mbps), 
indicating that this bacterium is undergoing 
evolutionary genome reduction. Next, we anno- 
tated the “Ca. E. kahalalidefaciens” genome using 
the Integrated Microbial Genome platform (27) 
and compared it to the closest free-living and 
genome-sequenced bacterium: Mangrovimonas 
sp. ST2L12 (88% DNA sequence identity for the 
16S rRNA gene) (22) (fig. S5). The genome of 
“Ca. E. kahalalidefaciens” encodes 873 protein- 
coding genes that can be functionally assigned 
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into a Cluster of Orthologous Groups (COG) cate- 
gory and 449 that can be classified into a Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway, whereas the Mangrovimonas sp. ST2L12 
genome encodes 1868 and 801 such genes, respec- 
tively. Most enzymes and pathways for DNA repli- 
cation and protein synthesis, cofactor biosynthesis, 
and central and intermediary metabolism (gly- 
colysis, tricarboxylic acid cycle, pentose phosphate 
pathway, electron transport, and fatty acid syn- 
thesis and degradation) are present in both “Ca. 
E. kahalalidefaciens” and Mangrovimonas sp. 
ST2L12. However, some DNA repair genes and 
pathways (damaged nucleotide removal and base 
excision repair, nucleotidyltransferase involved in 
DNA repair, and RNA helicase), as well as genes 
involved in chemotaxis, detoxification, and adap- 
tations to atypical conditions, are mostly absent 
from “Ca. E. kahalalidefaciens,” a finding that is 
commonly observed in obligate symbionts under- 
going genome reduction (23) (table S2). 

Most notably, no complete pathway to any of 
the 20 proteinogenic amino acids can be iden- 
tified in the “Ca. E. kahalalidefaciens” genome, 
with most pathways missing all or the majority 
of the genes. The only partially complete series 
are in the early steps of aromatic amino acid 
biosynthesis leading to chorismate, but the down- 
stream enzymes for phenylalanine, tyrosine, and 
tryptophan biosynthesis are mostly absent (table 
$2). Additionally, the “Ca. E. kahalalidefaciens” 
genome shows two features that are rarely found 
in reduced genomes. First, its GC content has 
not been reduced: The average GC content of 
“Ca. E. kahalalidefaciens” is 52%, higher than 
that of Mangrovimonas sp. ST2-L12 (38%). Sec- 
ond, it contains an unusually high number (84) of 
transposons, transposases, and transposable ele- 
ments. With this enrichment of mobile elements, 
we wondered whether overt signs of horizontal 
gene transfer (HGT) can be detected in the ge- 
nome. We searched for signs of genome hetero- 
geneity by multiple parametric methods, including 
GC content (24), k-mer frequencies (& = 2 or 3) 
(25), and dinucleotide bias (26). We detected a 
total of seven genomic regions that strongly 
deviate in their composition from the genome 
average (fig. S8 and table S3). Six of these re- 


E. kahalalidefaciens” but not for other bacteria. 


gions range in size from 0.1 to 2.6 kbps and 
encode hypothetical proteins. A seventh region 
of ~26 kbps (coordinates: 1821316 to 1847296) 
encodes several phage proteins, including cap- 
sid, portal, and tail sheath proteins, and likely 
constitutes a complete prophage. No other clear 
signs of HGT were detected across the entire 
genome, including the 20 NRPSs (fig. S8). 

Next, we tested whether “Ca. E. kahalalidefaciens” 
is capable of free living by attempting its culti- 
vation in various media and employing a sensi- 
tive, high-throughput sequencing-based method 
for its detection (see materials and methods and 
fig. S9). These efforts, however, were not suc- 
cessful, suggesting that “Ca. E. kahalalidefaciens” 
is an obligate symbiont. Indeed, most genome- 
reduced, obligate symbionts live intracellularly 
in their hosts (23). To determine whether “Ca. 
E. kahalalidefaciens” is an intracellular or extra- 
cellular symbiont of Bryopsis sp., we performed 
fluorescence in situ hybridization (FISH) on fixed 
Bryopsis-2015 specimens using fluorescent probes 
that target regions of the 16S rRNA. Two sets of 
probes were used: a combination of universal eu- 
bacterial probes EUB338 I, II, and III (27, 28) and 
one that is specific for “Ca. E. kahalalidefaciens” 
(JZP2; see materials and methods). Both general and 
specific probes localized “Ca. E. kahalalidefaciens” 
to the cellular compartment of Bryopsis, where 
most detected signals were from dispersed cells 
within the algal cytosol (Fig. 4). Notably, we 
found that a partial 16S rRNA gene sequence 
(with 100% DNA sequence identity to that of 
“Ca. E. kahalalidefaciens”) was previously cloned 
from a Brazilian sample of Bryopsis sp. (fig. S5) 
(29). This previous study suggested that the bac- 
terium harboring this sequence is also intra- 
cellular and widespread in Bryposis sp. living 
in warm-temperate and tropical environments 
(30). Finally, we searched a recently published 
dataset composed of 16S rRNA gene amplicon 
sequences from 1194: sponges, 37 sediments, and 
195 seawater samples for sequences that match 
“Ca. E. kahalalidefaciens” (37). At a cutoff of 97% 
DNA sequence identity, no matches were found, 
further supporting the specific, obligate, and 
intracellular symbiotic relationship between 
“Ca. E. kahalalidefaciens” and Bryopsis sp. 
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Given that there is no clear nutritional ad- 
vantage provided by “Ca. E. kahalalidefaciens” 
and that 20% of the bacterial genome is dedi- 
cated to the biosynthesis of complex small mole- 
cules, we assume that the most important aspect 
of this relationship is chemical defense in exchange 
for a tolerant intracellular environment in which 
to live. Notably, “Ca. E. kahalalidefaciens” is de- 
fective in synthesizing all 16 amino acids that 
are incorporated as substrates during the bio- 
synthesis of the kahalalides (Fig. 3). These sub- 
strates are provided by the autotrophic Bryopsis 
sp. host, although other intracellular bacteria may 
also contribute. These findings establish an un- 
usual collaborative model for the biosynthesis 
of the kahalalides, where the host provides the 
initial substrates and the symbiont provides the 
biochemical machinery to transform these sim- 
ple substrates into complex, biologically active 
molecules that may otherwise be unattainable 
in algal biochemistry. 


A tripartite symbiosis 


Through kleptoplasty, FE. rufescens sequesters 
and maintains intact and functioning chloro- 
plasts from the cells of its Bryopsis sp. diet. Can 
the mollusk likewise “steal” intact intracellular 
bacterial symbionts of Bryopsis sp. (e.g., “Ca. 
E. kahalalidefaciens”)? To answer this question, 
we collected several specimens of E. rufescens, 
confirmed that they contain KF, and then used 
deep 16S rRNA gene amplicon sequencing from 
whole-animal metagenomic DNA of three indi- 
viduals (an average of 57,000 reads per sample) 
to search for “Ca. E. kahalalidefaciens.” 

The E. rufescens microbiome is dominated by 
sequences matching the algal chloroplast (47.0%, 
on average), Mollicutes (29.0%), and Gamma- 
proteobacteria (12.5%) (fig. S10), in agreement 
with a previous study (32). Despite the sequenc- 
ing depth performed in our study, we barely 
detected 16S rRNA gene sequences that match 
“Ca. E. kahalalidefaciens” in E. rufescens (an 
average of 0.06% of the obtained reads). Addi- 
tional sequencing of 16S rRNA gene amplicons 
from sections of two coarsely dissected E. rufescens 
individuals (an average of 81,000 reads per 
section) confirmed that there was no specific 
symbiosis organ in the mollusk and that “Ca. 
E. kahalalidefaciens” cells appear to be fully 
digested upon ingestion (fig. S10). Finally, though 
we could clearly observe signals for other bacte- 
ria using general eubacterial probes, negative FISH 
experiments on several EL. rufescens sections using 
a specific probe for “Ca. E. kahalalidefaciens” 
corroborated our sequencing results (fig. S11). 
Taken together, our results establish chemical 
but not symbiont sequestration as a likely means 
of KF acquisition, although the mechanistic de- 
tails of this step are unknown. 


A model for the evolution of 
defense chemicals 


Next, we asked what molecular mechanisms 
generate the observed diversity in kahalalide 
structures. Because we found no evidence of 
HGT-mediated acquisition of NPRS pathways 
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in the “Ca. E. kahalalidefaciens” genome (fig. S8), 
we looked for signs of increased genome plas- 
ticity (33, 34) and intragenome genetic exchange. 
Briefly, we segmented the genome into 150-bp 
fragments, produced a whole-genome identity 
dot plot by comparing all fragments, and searched 
for genomic loci that contain a high density of 
matched fragment pairs (>60% sequence iden- 
tity). On average, NRPS loci showed a 50-fold 
higher density of matched fragments than the 
rest of the genome (Fig. 5A; see also materials 
and methods and fig. S12), in a largely indis- 
criminate (matched fragments within a single 
NRPS pathway are neither more frequent nor 
more similar than those between pathways) 
(fig. S13) and pervasive (matched fragments 
cover >98.8% of the combined NRPS sequences) 
manner. A notable outlier in this analysis was 
NRPS-8, where matched fragments between 
NRPS-8 and other pathways showed lower 
density and percent identity than between any 
other pairs of NRPSs (Fig. 5A and figs. S12 
and S13). 

Consecutive matched fragments between pairs 
of NRPSs form visually distinct stripes on iden- 
tity dot plots, which represent alignments that 
start and end with abrupt changes in DNA se- 
quence identity as a result of possible genetic 
exchange events (Fig. 5B and fig. S12). We iden- 
tified more than 100 such events: Three repre- 
sent full pathways and can therefore be explained 
by typical duplication and divergence events (one 
between NRPS-10 and NRPS-13; two between 
NRPS-3, NRPS-12, and NRPS-20), whereas the 
remaining ones represent only parts of the 
pathways and are best explained by separate 
recombination events (Fig. 5C and fig. S14). In 
most cases, lineage trees for different aligned 
sequences that appear in the same set of NRPSs 
do not follow the same path (Fig. 5D), indicat- 
ing that frequent shuffling substantially dis- 
rupts the trajectories of pathway duplication. 
Finally, 9 of the 20 NRPSs contain or occur 
within a 5-kbp window of an annotated trans- 
posase or transposon (fig. S15), suggesting that 
transposition is at least partially responsible for 
the observed plasticity, as seen in other systems 
(33, 34). These findings motivated us to propose 
a new model for the diversifying evolution of 
NRPSs in the “Ca. E. kahalalidefaciens” genome, 
where new pathways arise through duplication 
and divergence events that are concurrently ac- 
companied by a high frequency of interpathway 
recombination, resulting in the observed diver- 
sity and an intertwined evolutionary history. 

Why would a bacterial symbiont produce so 
much chemical diversity? In other words, are 
these molecules equally important in establish- 
ing a sustainable symbiotic relationship, espe- 
cially given that maintaining and expressing their 
large biosynthetic pathways is a major metabolic 
cost? We reasoned that nonessential pathways 
should decay and eventually get lost, whereas 
essential ones should be intact and maintained. 
We looked for signs of genomic decay in the 
20 NRPS pathways. Indeed, NRPS-4 and NRPS- 
16 show truncated domains and modules, and 


NRPS-2, NRPS-7, and NRPS-9 contain domains 
that have been interrupted by transposases 
(Fig. 2B). The remaining NRPS pathways appear 
to be pristine. We then compared the expression 
levels of the NRPS pathways under native con- 
ditions, reasoning that essential pathways would 
be highly expressed, whereas decaying ones would 
be expressed at a lower level or not expressed at 
all. Metatranscriptomic sequencing data from 
Bryopsis-2015 (40 million paired-end reads, 
150 bps; 41 million single-end reads, 100 bps) 
were mapped to the “Ca. E. kahalalidefaciens” 
genome (see materials and methods), resulting 
in the successful alignment of 2.2 million reads 
(mostly to possible mRNAs) (Fig. 6A). We then 
ranked all genes according to their expression 
level (data S1), which produced a trimodal dis- 
tribution: About 50% of the genes are almost 
silent or have a very low level of expression, 45% 
are at median level, and 5% are among the most 
highly expressed (Fig. 6B). Comparison of the 
expression level of the NRPS genes showed a 
similar distribution. Genes from NRPS-1, -2, -4, 
-6, -9, -16, and -17 (NRPS-2, -4, -9, and -16 were 
predicted to be decaying pathways) had the 
lowest expression levels, and genes from NRPS-8 
had the highest. NRPS-8 genes were among the 
most highly expressed genes in the entire ge- 
nome, along with cell division and transcrip- 
tion genes. NRPS-8 alone accounted for more 
than 12% of the transcriptional activity of “Ca. 
E. kahalalidefaciens,” and in total, all of the 
NRPS pathways accounted for 26% (Fig. 6A). 
These results establish NRPS-8 (encoding the 
most toxic kahalalide, KF) as a potentially es- 
sential pathway, and NRPS-2, -9, and -16 as po- 
tentially on their way to being lost. 

We thus propose a model for NRPS path- 
way generation, evolution, and selection in “Ca. 
E. kahalalidefaciens” (supplementary text). In 
our model, new pathways are created from an 
ancestral one through duplication and diver- 
gence, followed by extensive and continuous 
interpathway genetic exchange to generate 
more diversity. Newly generated pathways are 
then selected for or against, depending on un- 
known selection pressures, leading to their 
maintenance or loss, followed by a continuous 
repetition of the same cycle (fig. S16). 


Discussion 


KF is the most toxic of all known kahalalides and 
is likely the main contributor to Bryopsis sp. and 
E. rufescens chemical defense against predators 
(7). KF and more than 15 related kahalalides have 
been reported from this predator-prey system, 
yet the original source of this library of molecules 
has been unknown. In this study, we used meta- 
genomics, metatranscriptomics, chemical analy- 
sis, microscopy, and evolutionary genomics to 
uncover the molecular details of kahalalide pro- 
duction by an elusive third partner, an intra- 
cellular bacterial symbiont of Bryopsis sp. 
Chemically defended mollusks are widespread 
in the marine environment, but the source of 
their defense chemicals varies (5). Although chem- 
ical sequestration from diet has been proposed 
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in many cases (35), de novo biosynthesis has 
also been demonstrated through isotope label- 
ing experiments (36). Here, we provide evidence 
that defense chemicals in E. rufescens do not 


originate in the algal diet itself but in intra- 
cellular bacterial symbionts within the alga. A 
similar indirect acquisition mechanism may be 
true for other chemicals found in mollusks, such 


as those acquired from dietary sponges and 
tunicates. Most work on symbioses in marine 
algae has focused on extracellular symbionts, as 
exemplified by the symbiosis between Emiliania 
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Fig. 5. Intensive genetic exchange in “Ca. E. kahalalidefaciens” NRPS 
pathways. (A) Pairs of sequence fragments sharing more than 60% identity 
across the whole “Ca. E. kahalalidefaciens” genome, shown on a linear scale on 
both the x and y axes. Diagonal matches were removed, and color indicates 
percent identity. Positions of the 20 NRPS pathways are indicated on the axes, 
matching the color code below. (B) Examples of aligned sequences between 
NRPS pathways. Note the abrupt rise and fall in sequence identity. Colors 

in pathways indicate different domains, matching the color code below. 
Encoded amino acids are indicated by their single-letter abbreviations, and 
underlined letters indicate p-amino acids. (C) Circular representation of 

“Ca. E. kahalalidefaciens” genome recombination events (coordinate one of the 
genome is indicated by a solid black line), in which NRPS pathways are 
shown at their respective positions around the genome and connecting colored 
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lines indicate identified pairwise recombination events. Lines follow a yellow-to- 
blue color code that represents the percent identity between pairs of aligned 
sequences, and their thickness positively correlates with the length of the 
sequence. Sequences shared with NRPS-8 and NRPS-9 have a lower percent 
identity than ones shared with other pathways. Black lines indicate the three 
identified duplication events. (D) Phylogenetic trees for three groups of aligned 
sequences (red, green, and blue) that together cover the entire NRPS-15. 
Although the three aligned sequences are found in NRPS-15, they do not follow 
the same phylogenetic lineage and are likely a result of three independent 
recombination events. NRPS-15 is shown as a black rectangle, and NRPS 
pathways that share one or more of the three groups of aligned sequences with 
it are shown as gray rectangles. The scale bar at top right indicates 10% 
sequence divergence. 


7 of 10 


RESEARCH | RESEARCH ARTICLE 


huxleyi and Phaeobacter inhibens, in which 
P. inhibens influences the biology of the host 
through alternating symbiotic and pathogenic 
cycles (37), and that between Ulva sp. and 
several bacteria, in which the symbionts trigger 
proper host growth and development (38). Here, 
we describe the functional importance of intra- 
cellular symbionts of marine macroalgae for the 
ecology of their host, which has been previously 
overlooked. We also establish macroalgae as an 
additional group of marine organisms in which 
bacterial symbionts produce complex natural 
products discovered in the host, as has been 
previously observed in marine tunicates, sponges, 
bryozoans, and crustaceans (4). 

The diversifying evolution of NRPS path- 
ways in the “Ca. E. kahalalidefaciens” genome 
is particularly noteworthy because it reveals a 
strategy for chemical innovation in bacteria in 
a HGT-independent manner. The closest exam- 
ples are two cases reported in bacterial symbionts 
of marine ascidians: one in which the same 
polyketide synthase pathway has duplicated 
multiple times in the same genome, presumably 
resulting in higher expression levels (39), and 
another in which a cyanobactin pathway has dup- 
licated once and accumulated strategic point 
mutations in its precursor peptide to produce 
novel molecules (40, 41). The number of bio- 
synthetic pathways (20 NRPSs) and resulting mol- 
ecules discovered in “Ca. E. kahalalidefaciens” 
is substantial, especially given its reduced ge- 
nome and strict intracellular lifestyle, and ap- 
proaches the diversity encoded in the genome 
of Entotheonella sp., an extracellular symbiont 
of marine sponges and a talented producer of 
natural products (42, 43). 


We do not yet understand the nature of the se- 
lective pressures on the “Ca. E. kahalalidefaciens” 
genome. Assuming that all kahalalides have roles 
in chemical defense, we propose either that they 
contribute to a synergistic cocktail, where mole- 
cules function additively on diverse predators or 
pathogens and the selection acts to maintain 
diversity, or that each molecule has a specific role 
and is selected for independently. There is some 
support for the latter hypothesis in that KF has 
been shown to have a strong antipredatory ac- 
tivity (7), and the rest of the kahalalides have low 
to no cytotoxicity or antimicrobial activity and 
their natural role has not yet been determined 
(9). Furthermore, levels of different kahalalides 
produced in the same system vary considerably 
between times of collection (17), suggesting that 
they are selected for individually and not globally. 
We also do not understand how E. rufescens 
sequesters, concentrates, and resists the cyto- 
toxicity of the kahalalides. This is complicated 
by the fact that their molecular target is still 
unknown, even for KF, which has been evaluated 
as a promising anticancer agent in several hu- 
man clinical trials (44). We show that chemical 
and not symbiont sequestration is responsible 
for kahalalide acquisition in E. rufescens, but 
exactly how and where this occurs await further 
investigation. These outstanding questions are 
not specific to E. rufescens and the kahalalides 
but are true for almost all marine mollusks that 
sequester toxins from their diet. 


Materials and methods summary 


An expanded description of materials and 
methods can be found in the supplementary 
materials. 
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Fig. 6. Metatranscriptomic analysis of “Ca. E. kahalalidefaciens.” 

(A) Genome-wide transcriptional activity of “Ca. E. kahalalidefaciens” 
using metatranscriptomic data collected from Bryopsis-2015. Black bars 
indicate total counts for each mapped position and averaged per 5 kbps of 
the genome. The inset bar graph indicates the ranked contribution of 
each NRPS pathway as a percentage of the total genome transcriptional 
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Bryopsis sp. and E. rufescens collection 
and processing 

Bryopsis sp. and E. rufescens samples were col- 
lected from Black Point Bay, Honolulu, Hawaii 
(N21°15'34"; W157°4:7'24"). Small portions of 
Bryopsis sp. and individual E. rufescens speci- 
mens were preserved frozen for chemical analysis, 
preserved in RNAlater (ThermoFisher Scientific, 
USA) for DNA and RNA analysis, or fixed in 
paraformaldehyde for FISH analysis. 


Metagenomic DNA and RNA extraction 
and sequencing 


Total metagenomic DNA used for both lumina 
and Pac Bio sequencing was extracted from ly- 
ophilized Bryopsis sp. and E. rufescens using 
the Mo Bio Power Biofilm DNA isolation kit 
(Mo Bio Laboratories, USA; now Qiagen, USA). 
Total RNA was extracted from RNAlater-preserved 
Bryopsis sp. using MasterPure Complete DNA 
and RNA Purification Kit (Epicentre, USA; now 
Illumina, USA). Illumina sequencing was per- 
formed on an Illumina HiSeq 2500 sequencer 
(Illumina, USA), and Pac Bio sequencing was 
performed on a PacBio RS II instrument (Pacific 
Biosciences, USA). 


Fluorescence in situ 
hybridization (FISH) 


Fixed specimens of Bryopsis sp. were embedded 
in LR White resin (Electron Microscopy Sciences, 
USA), cut into 2-um-thick slices, hybridized with 
either universal eubacterial probes or a “Ca. 
E. kahalalidefaciens”-specific probe, counter- 
stained using Calcofluor White Stain (Sigma 
Aldrich, USA), and imaged on a Leica SP8 con- 
focal microscope. 


0 20 


40 60 80 100 


% Genes in Ca. E. kahalalidefaciens 


activity. (B) “Ca. E. kahalalidefaciens” genes (x axis, shown in percentage 
of the total number of genes in the genome) plotted against their 
cumulative expression (y axis, shown in percentage of the total expression 
of all genes in the genome). Note the trimodal distribution of genes 
according to their expression and that genes from the NRPS pathways 
appear in all three modes. 
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Bacterial cultivation and screening for 
“Ca. E. kahalalidefaciens” 


Freshly collected Bryopsis sp. (5 g) was homo- 
genized in 9 ml of sterile 1X Artificial Sea Water 
(Instant Ocean Sea Salts, 35 g/liter, Instant 
Ocean, USA) using a mortar and pestle, and 
the algal homogenate was serially diluted in a 
10-fold series. 100-1 aliquots of each dilution 
were plated on eight different media in tripli- 
cate, and plates were incubated at room temper- 
ature for 1 to 2 weeks. Colonies were scraped 
from one plate of each of the eight media, and 
DNA was extracted from the mixture and screened 
for the presence of “Ca. E. kahalalidefaciens” 
using high-throughput 16S rRNA gene ampli- 
con sequencing. 


Chemical extraction and analysis of 
Bryopsis-2015 

Lyophilized Bryopsis sp. was extracted with 
methanol and analyzed by HPLC-HR-MS/MS 
using an Agilent 6500 Series Q-TOF LC/MS sys- 
tem (Agilent, USA). 


Evolutionary analysis of the “Ca. 


E. 


kahalalide” genome and the 20 NRPSs 


The “Ca. E. kahalalidefaciens” genome was seg- 
mented into fragments of 150 bps in length, 
with a 30-bp sliding window. Each fragment 
was aligned to all other fragments to obtain 
their percent identity; pairs of fragments with 
identities higher than 60% were recorded as 
“matched.” Consecutive matched fragments be- 
tween two genomic regions form stripes with a 
slope of 1 and varying intercepts on identity dot 
plots. These stripes were then used to infer ge- 
netic exchange events throughout the genome. 
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Large-area graphene-nanomesh/ 
carbon-nanotube hybrid membranes 
for ionic and molecular nanofiltration 


Yanbing Yang", Xiangdong Yang", Ling Liang’, Yuyan Gao*, Huanyu Cheng“, 
Xinming Li’, Mingchu Zou®, Anyuan Cao®, Renzhi Ma’, 


Quan Yuan"*}, Xiangfeng Duan’+ 


Nanoporous two-dimensional materials are attractive for ionic and molecular nanofiltration 
but limited by insufficient mechanical strength over large areas. We report a large-area 
graphene-nanomesh/single-walled carbon nanotube (GNM/SWNT) hybrid membrane 
with excellent mechanical strength while fully capturing the merit of atomically thin 
membranes. The monolayer GNM features high-density, subnanometer pores for 

efficient transport of water molecules while blocking solute ions or molecules to enable 
size-selective separation. The SWNT network physically separates the GNM into microsized 
islands and acts as the microscopic framework to support the GNM, thus ensuring the 
structural integrity of the atomically thin GNM. The resulting GNM/SWNT membranes 
show high water permeance and a high rejection ratio for salt ions or organic molecules, 
and they retain stable separation performance in tubular modules. 


ater desalination and purification is an 
attractive pathway to fresh water because 
seawater represents the largest fraction 
of water on Earth (/, 2). An ideal water- 
treatment membrane should exhibit sev- 
eral critical characteristics: (i) minimal thinness 
to maximize permeance (3, 4); (ii) sufficient 
mechanical strength to avoid breakage and 
solute leakage (5-7); and (iii) uniform and nar- 
row pore size distribution for efficient separation 
(8, 9). To this end, nanoporous two-dimensional 
(2D) materials of single- or few-atom thickness 
and with excellent mechanical strength have been 
considered as the ideal building blocks for con- 
structing ultrathin membranes with minimum 
transport resistance and maximum permeance 
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(10-14). Theoretical calculations have predicted 
that single-layer nanoporous 2D membranes can 
provide ultrafast water permeation and selective 
separation (15, 16). Experimental studies of nano- 
porous graphene membrane have also demon- 
strated its exceptional performance in water 
desalination. However, the experimental studies 
to date are typically limited to proof-of-concept 
demonstrations on micrometer-scale graphene 
flakes (10°° to 10°° cm”). 

Although defect-free graphene exhibits ex- 
ceptional mechanical performance, the inevi- 
table in-plane grain boundaries in large-area 
graphene could seriously weaken the mechan- 
ical strength, and the introduction of pores could 
further compromise the structural integrity of 
single-layer graphene (17, 18). Because the de- 
salination process relies on the molecular-level 


separation of solute ions from water molecules, 
any slight tearing or cracking of the membrane 
could undermine the entire desalination system. 
As the stress of a selective membrane scales with 
da’? (where d is the membrane thickness), the 
atomically thin 2D membrane that is three or- 
ders of magnitude thinner than the commercial 
membrane would undergo substantially larger 
stress (19). Therefore, the applications of ultrathin 
2D membranes for practical water treatment 
remain rather elusive because of the challenges 
in reliably producing large-area nanoporous 2D 
membranes of sufficient mechanical strength. 

We report the design of an atomically thin nano- 
porous membrane with a single-layer graphene 
nanomesh (GNM) supported by an interwoven 
network of single-walled carbon nanotubes 
(SWNTs) (Fig. 1). In this structure, the mechan- 
ically strong, interconnected SWNT webs (20) 
feature a strong m-z interaction with the sup- 
ported GNM, physically separate the GNM into 
microsized islands, and act as a microscopic 
framework to support the GNM (Fig. 1A). This 
construct can be viewed as Voronoi cells (21, 22) 
of a Voronoi diagram (for example, as commonly 
seen in insect wings or plant leaves; fig. S1) de- 
fined in the mathematical structure models, thus 
ensuring the structural integrity of the atomically 
thin GNM over macroscopic scale. The large-area, 
ultrathin GNM/SWNT hybrid membrane can 
serve as an excellent size-exclusion nanofiltra- 
tion membrane. In particular, the high-density 
subnanometer pores in the GNM layer allow effi- 
cient transport of water molecules with mini- 
mum resistance while blocking solute ions or 
molecules to enable selective separation (Fig. 1B), 
and the high mechanical strength of the GNM/ 
SWNT hybrid membrane can prevent tear and 
solute leakage to ensure robust water treatment 
over large areas. 


Fabrication and structural 
characterization of GNM/SWNT 
hybrid membranes 


Figure 2A shows the fabrication process of the 
GNM/SWNT hybrid membranes. Briefly, chem- 
ical vapor deposition (CVD)-grown single-layer 
graphene on Cu foil was used as the starting 
material. A layer of SWNT membrane consisting 
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Fig. 1. Schematic illustration of the mechanically strong, large-area GNM/SWNT hybrid mem- 
brane for efficient water desalination. (A) Designed structural model of the GNM/SWNT hybrid 
membrane with single-layer GNM supported on SWNT networks. (B) Structural model of the GNM/ 
SWNT hybrid membrane for size exclusion nanofiltration. 
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graphene on Cu 


Fig. 2. Fabrication of GNM/SWNT hybrid membranes and structural 
characterizations. (A) Schematic illustration of the process used to 
fabricate GNM/SWNT hybrid membranes. (B) Photograph of the 
GNM/SWNT hybrid membrane suspended on a porous PDMS substrate 
with 16 holes (1 mm in diameter). (C) SEM image of a single hole 

in (B). (D) Magnified SEM image of the selected red area in (C). 


of interconnected SWNTs was transferred on 
top of the graphene. After etching the Cu foils, a 
freestanding membrane with SWNT-supported 
graphene was obtained. To fabricate the GNM/ 
SWNT membrane, we grew a layer of mesoporous 
SiO, (meso-SiO.) film with uniform and per- 
pendicular mesoporous channels (fig. $2) on 
the graphene surface as the porous template (23). 
By sequentially drilling pores in the graphene 
using O, plasma exposure and removing the 
meso-SiO, layer by hydrofluoric acid etching, we 
obtained a freestanding GNM/SWNT hybrid 
membrane, which can be suspended over a po- 
rous polydimethylsiloxane (PDMS) substrate. The 
suspended GNM/SWNT membrane retains the 
structural integrity with no obvious holes or 
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tears (Fig. 2, B and C), as also confirmed by 
high-resolution scanning electron microscope 
(SEM) imaging (Fig. 2D). Transmission electron 
microscope (TEM) studies (Fig. 2E) further con- 
firmed that the SWNT network intimately inte- 
grates with the GNM layer to form a mechanically 
strong, intact structure, whereas the pure graphene 
membrane readily cracks with obvious tears across 
the plane (fig. S3). 

Raman spectroscopy was performed to eval- 
uate the quality of the membranes. The pristine 
CVD-grown graphene (CVDG) showed clearly the 
characteristic 2D (2656 cm!) and G (1585 cm") 
peaks with a high peak intensity ratio (op/Ig~2) 
and no apparent D peak (1350 cm?) (Fig. 2F), 
suggesting that the pristine graphene exhibits 
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(E) TEM image of the GNM/SWNT hybrid membrane. (F) Raman 
spectra of CVDG, G/SWNT, GNM/SWNT, and SWNT membranes. (G and 
H) Aberration-corrected STEM image of graphene (G) and GNM (H) 
after 10 s of O2 plasma etching. The white dashed circles highlight the 
pores present in GNM. (I) Pore-size distribution of the GNM prepared 
by 10 s of O2 plasma etching. 


a defect-free, single-layer characteristic. The 
presence of radial breathing modes at 100 to 
300 cm”! and the splitting of the G band con- 
firm the existence of SWNTs in the graphene/ 
SWNT (G/SWNT) membrane. After we introduced 
nanopores by O, plasma, the intensity of the D 
peak increased substantially to about one-third 
of that of the G peak ([p/Jg~0.33) and the 2D 
peak intensity decreased, indicating the forma- 
tion of defects in the GNM/SWNT membrane. 

Scanning transmission electron microscopy 
(STEM) studies of the pristine graphene showed 
a honeycomb lattice of carbon atoms (Fig. 2G), 
whereas the STEM image of a GNM revealed 
the presence of subnanometer pores (Fig. 2H). 
The average pore size and pore density were 
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measured to be 0.63 nm and ~1.0 x 10” cm’, 
respectively, in the GNM obtained with 10 s of O, 
plasma etching (Fig. 21). The pore size matches 
well with the predicted optimal pore size for 
allowing water transport (0.32 nm) while ef- 
fectively rejecting salt ions (~0.7 nm) (17). The 
pore size and pore density can be readily tailored 
by the O, plasma-etching time (fig. S4). A shorter 
etching time of 5 s results in an average pore size 
of ~0.55 nm, and an etching time of 20 s results 
in an average pore size of ~1.41 nm. 


Mechanical characterization of 
GNM/SWNT hybrid membranes 


The centimeter-scale GNM/SWNT hybrid mem- 
brane can be directly transferred onto a varie- 
ty of substrates without a polymer support. A 
GNM/SWNT hybrid membrane suspended on 
a polyethylene terephthalate (PET) substrate 
with a 0.36-cm? square hole retains structural 
integrity without obvious cracks (Fig. 3A). The 
GNM/SWNT membrane may be readily scaled 
up (Fig. 3B) because there is no fundamental 
limitation in producing large-area graphene, the 
SWNT network, or meso-SiO, film up to meter 
scale. The flexible, freestanding SWNT network 
renders excellent mechanical strength and flex- 
ibility in the GNM/SWNT hybrid membrane, al- 
lowing it to endure large deformations without 
compromising the structural integrity (Fig. 3C). 
A hybrid membrane suspended on a tube edge is 
mechanically strong enough to support five coins 
(~16.0 g) without rupture (Fig. 3D). 

We further investigated the tensile strength 
of the ultrathin GNM/SWNT hybrid membrane 
(24) (Fig. 3E and figs. $5 and S6). The SWNT 
and GNM/SWNT hybrid membranes showed 
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Fig. 3. Analysis of 
mechanical performance. 
(A) Photograph of the GNM/ 
SWNT hybrid membrane 
suspended on a PET sub- 
strate with a 0.36-cm? hole. 
(B) Photograph of the large- 
area GNM/SWNT membrane. 
(C) Optical image of the 
GNM/SWNT hybrid mem- 


and GNM/SWNT membranes, respectively) (Fig. 
3E). The pristine SWNT membrane could sustain 
a stress of 101.9 MPa (Fig. 3E) and the Young’s 
modulus was calculated to be 2.6 GPa (fig. S7). By 
comparison, the GNM/SWNT membrane showed 
an enhanced mechanical strength to sustain a 
stress of 380.6 MPa (Fig. 3E) and had a con- 
siderably higher Young’s modulus of 9.7 GPa 
(fig. S7). Additionally, atomic force microscope 
measurements indicated that the GNM/SWNT 
membrane has a modulus of ~5 to 10 GPa in 
the perpendicular direction (fig. S8). The mechan- 
ical strength is largely attributed to the Voronoi 
diagram structure of the GNM/SWNT network 
hybrid membrane, as confirmed by our me- 
chanical simulations showing greatly enhanced 
tensile (2.4-fold) and bending stiffness (four or- 
ders of magnitude) of the GNM/SWNT mem- 
brane compared with the GNM membrane (figs. 
S9 to S12) (24). 

In situ SEM imaging was conducted to vi- 
sualize crack formation after punching a hole 
with a micromanipulator (Fig. 3, F and G). The 
GNM membrane quickly cracked into small pieces 
when a hole was punched. By contrast, the GNM/ 
SWNT membrane maintained structural integ- 
rity during the entire process. 


Water permeance and salt rejection 
under osmotic pressure 


We explored the water-transport and salt- 
rejection properties of the GNM/SWNT hybrid 
membranes using three different configurations. 
The first configuration is based on cross-flow 
forward osmosis (FO) measurements in which 
the GNM/SWNT hybrid membrane suspended 
on a PET substrate (with a 0.16-cm? square 
aperture in the PET) separates two cavities, one 
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brane under bending 
conditions. (D) Photograph 
of the GNM/SWNT hybrid 
membrane suspended on a 
tube with six coins on the 
membrane. Scale bars, 1 cm. 
(E) Stress-strain curves of 
the SWNT membrane and the 
GNM/SWNT hybrid mem- 
brane under uniaxial tensile 
strain. (F and G) Rupture 
behavior of the (F) GNM and 
(G) GNM/SWNT hybrid 
membrane imaged by in situ 
SEM after poking with a 
micromanipulator. Scale bars, 
0.5 um (F) and 1 um (G). 


fracture 


filled with KCl solutions with different concen- 
trations and the other with deionized water 
(Fig. 4A and fig. S13) (24). The osmotic pressure 
difference induced by the salt concentration gra- 
dient serves as the driving force for water trans- 
port. No apparent delamination between the 
SWNT network and the GNM membrane was 
observed in the cross-flow operation process 
or in the in situ SEM manipulations (Fig. 3G, 
fig. S14, and movie S1), confirming that the inter- 
action between the SWNT and GNM is strong 
enough to resist the water flow under desalination 
conditions. On the basis of continuum mechanics, 
the maximum pressure (P) that a GNM/SWNT 
membrane with a pore size of 0.63 nm could 
withstand is calculated to be ~60 MPa (24) (Fig. 
4B), consistent with previous theoretical calcu- 
lations that the presence of a porous substrate 
(with openings <1 um) would enable the GNM 
to sustain pressures exceeding 57 MPa (19). 
These analyses suggest that the GNM/SWNT 
hybrid membrane exhibits sufficient mechanical 
strength to be used as an effective semipermeable 
membrane for water desalination. 

Water permeation studies showed that the 
G/SWNT membrane exhibits negligible water 
permeance (0.67 liter m~* hour bar’) (Fig. 4C 
and fig. S15), suggesting that the SWNT membrane 
maintains the structural integrity of graphene 
to prevent tearing and leakage. The water per- 
meance for the GNM/SWNT hybrid membrane 
exhibits a clear dependence on the O, plasma- 
etching time (which correlates to the pore size). 
The GNM/SWNT membrane obtained with 5 s 
of etching (GNM/SWNT-5 s) showed a perme- 
ance of 7.5 liter m* hour bar". As the etching 
time was increased to 10 s (GNM/SWNT-10 s), 
the permeance increased to 20.6 liter m~? hour? 
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bar! (5.7 x 10°'° gs"! bar”! per pore, assum- 
ing a pore density of 1.0 x 10’ cm’). This 
value is of the same order as that predicted by 
molecular dynamics simulations (15). A fur- 
ther increase of the etching time to 20 s (GNM/ 
SWNT-20 s) resulted in a water permeance of 
37.2 liter m™~ hour bar”, indicating reduced 
transport resistance with increasing pore size 
in the GNM. 

Compared with the water flux of the com- 
mercial cellulose triacetate (CTA) membrane, 
which becomes “self-limiting” at high salt con- 
centrations, the water flux of the GNM/SWNT 
hybrid membrane showed a linear dependence 
versus the salt concentration (Fig. 4D and fig. 
$16), indicating that the internal concentration 
polarization (ICP) was nearly eliminated in the 
freestanding ultrathin GNM/SWNT membrane. 


The reduced osmotic pressure loss caused by 
ICP leads to a higher osmotic driving force and 
enhanced permeance. 

The salt-rejection behavior was evaluated by 
measuring the salt permeance through the GNM/ 
SWNT hybrid membrane (fig. S17). The salt per- 
meance through the graphene/SWNT membrane 
was essentially zero (no transport of ions; Fig. 4C), 
suggesting that the graphene/SWNT membrane 
remains intact over large areas. The salt perme- 
ance of the GNM/SWNT membrane varied from 
5.5 to 16.2 mol m” hour | when the O, plasma- 
etching time was increased from 5 to 20 s, indicat- 
ing that the ion selectivity is highly dependent on 
the pore size. After 24 hours of permeation, the 
salt rejection for the GNM/SWNT membrane 
with 10 s of O, plasma-etching time remained 
>97% (Fig. 4E). 


The separation performance of the GNM/ 
SWNT membrane was also evaluated with NaCl 
as a seawater model. The measured salt rejec- 
tion for NaCl was 98.1 + 0.3% (fig. S18), which 
is comparable to that of KCl (97.1 + 0.6%). The 
slightly improved salt rejection may be attri- 
buted to the relatively larger hydrated diam- 
eter of Na* (0.716 nm) compared with K* 
(0.662 nm). The minor salt leakage could be 
attributed to the presence of a small fraction 
of relatively large pores (~1 nm) in the GNM/ 
SWNT membrane and the intrinsic defects or 
cracks formed during the graphene growth or 
transfer process. To this end, the presence of 
the SWNT network is particularly useful in 
separating the GNM into small domains and 
preventing the propagation of cracks and cat- 
astrophic failure. 
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Fig. 4. Evaluation of water-desalination performance. (A) Sketch 
of water permeance through the GNM/SWNT membrane driven 
by osmotic pressure in the FO cross-flow system. (B) Contour plot 
of the maximum pressure versus GNM porosity and SWNT pore 
radius for GNM/SWNT-10 s. (C) Water and salt permeance through 
G/SWNT and GNM/SWNT membranes with O2 plasma-etching 


illustration of the RO cro 
GNM/SWNT membrane 


individual membranes. ( 


(E) Salt rejection of the G/SWNT and GNM/SWNT membranes prepared 
by Oz plasma-etching times of 5, 10, and 20 s. (F) Schematic 


ss-flow filtration apparatus. (G) Rejection of the 
for KCI, NaCl, NazSO4, MgClo, MB, RhB, 


and FITC. The error bars indicate the data acquired from three 


H) Comparison of the water-permeability 


times of 5, 10, and 20 s. (D) Water flux through the GNM/SWNT hybrid 
membrane and CTA membrane as a function of KCI concentration. 
Inset, the magnified view of the water flux of the CTA membrane. 
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and salt-rejection performance of the GNM/SWNT hybrid membranes 
with commercial osmosis membranes and graphene-based separation 
membranes (6, 9, 17, 26-34). 
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To further investigate the desalination per- 
formance of the GNM/SWNT membrane, we 
constructed a reverse osmosis (RO) cross-flow 
filtration apparatus (Fig. 4F) to measure the 
water- and salt-transport behaviors of the mem- 
brane toward NagSO4, MgCle, NaCl, and KCl at 
a concentration of 2000 parts per million (ppm). 
As a nanofiltration membrane, the GNM/SWNT 
membrane could sustain a pressure in the range 
of ~2 to 4 MPa and ~8 to 10 MPa when sup- 
ported by a stainless steel mesh (500 mesh, 30 pm 
pore size) and polycarbonate track etch membrane 
(0.2 um pore size), suggesting that the GNM/ 
SWNT membrane is mechanically strong enough 
to withstand typical commercial RO processes. 
The GNM/SWNT membrane showed high salt 
rejection between 85.2 and 93.4% (Fig. 4G), 
and the observed selectivity followed the order 
of Na2SO, > MgCl. > NaCl > KCl. These observed 
salt-rejection ratios achieved in centimeter-scale 
GNM/SWNT membranes were generally smaller 
than those achieved in micrometer-scale nano- 
porous graphene flakes, which might be largely 
attributable to occasional defects or minor cracks 
in the large-area GNM/SWNT membranes. The 
hydraulic permeability of the GNM/SWNT mem- 
brane was maintained at 97.6 liters m™ hour? 
bar” for the NaCl solution compared with that 
of pure water (110.6 liters m~” hour bar”) (fig. 
$19), further suggesting that the concentration 
polarization was effectively minimized. The in- 
creased membrane permeability could reduce 
the pressure necessary to drive efficient perme- 
ation and thus improve the energy efficiency of 
the desalination process. Additionally, the GNM/ 
SWNT membrane exhibited higher water per- 
meability and lower salt rejection in RO modules 
than in FO modules, and the exact reason for 
such differences is an intriguing topic for future 
investigations. 

The GNM/SWNT membrane also exhibited a 
high rejection ratio for small charged or neutral 
molecules (96.4, 97.2, and 98.7% for methylene 
blue [MB], rhodamine B [RhB], and fluorescein 
isothiocyanate [FITC], respectively) with solvated 
diameters >1 nm (Fig. 4G and fig. S20), high- 
lighting the merit of the GNM/SWNT membrane 
in rejecting small organic molecules, which is 
important for excluding small-molecule phar- 
maceuticals from drinking water, which typical 


A 


Fig. 5. Water-desalination performance of the bended membrane in a 
tubular module. (A) Schematic illustration and (B) photograph of the 
custom-assembled water-desalination cell for the measurement of 
permeance performance under bending conditions. Enlarged views 
show the corresponding structural model and photograph of the flexible 
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commercial membranes usually fail to reject. 
The relatively high organic molecule exclusion 
performance and the decreased salt rejection 
with increasing Na,SO, concentration (fig. $21) 
also suggest that the GNM/SWNT membrane is 
a nanofiltration membrane. 

To gain further insight into the mechanism of 
salt rejection by the GNM/SWNT membrane, we 
also performed water-desalination measurements 
at different pH values. Little change was observed 
in salt rejection when the pH was varied from 7 to 
3 (protonation of carboxylate groups at the pore 
edge), suggesting that the Gibbs-Donnan exclu- 
sion effect was negligible (figs. S22 to S24). Ad- 
ditionally, the GNM/SWNT membranes exhibited 
improved salt rejection for MgCl. (98.6%) com- 
pared with KCl (97.1%) (fig. S25) and an extreme- 
ly low adsorption percentage (<0.5%; fig. S26) 
(24) for all of the investigated salts and organic 
molecules. These studies suggest that the salt- 
rejection performance of the GNM/SWNT mem- 
brane originates from (i) subnanometer-sized 
pores that facilitate effective separation by the 
size exclusion effect and (ii) the minimized con- 
centration polarization due to the use of atomically 
thin nanoporous membrane in the cross-flow 
system. 

We compared the permeability and selectivity 
of the GNM/SWNT water-desalination mem- 
branes with those reported in the literature 
(Fig. 4H and tables S1 and S2). The GNM/SWNT 
membrane exhibited a water permeance about 
one to two orders of magnitude higher than 
that of CTA, graphene oxide (GO)/graphene (6), 
and reduced GO membranes (25) at a compara- 
ble salt-rejection ratio. Nanoporous graphene 
(17) with high water permeance (252 liters m” 
hour‘ bar”) has been reported previously, but 
only for micrometer-scale samples (10 °-10-* cm”). 
Additionally, the GNM/SWNT membrane oper- 
ated with the RO module showed about one to 
two orders of magnitude higher hydraulic per- 
meability than that of commercial RO membranes, 
nanofiltration membranes, or graphene-based 
membranes (9, 26-34). The salt rejection of the 
GNM/SWNT membranes (>86% for NaCl) was 
lower than that for commercial RO membranes 
(90%~99%), but considerably higher than that 
for most graphene- or GO-based membranes (19 
to 42%) (26-29) and commercial nanofiltration 


Water permeance ¢ 
(L m? h" bar’) 


14 June 2019 


G/SWNT 


membranes (~24 to 40%) (29, 33, 34). The salt- 
rejection performance of the GNM/SWNT mem- 
branes could be further improved by optimizing 
the graphene growth conditions and the pore- 
formation process to minimize cracks and de- 
fects and to improve the pore size distribution. 

The permeation and separation performance 
of our GNM/SWNT membranes was robust, and 
similar performance was observed in >100 studied 
membranes cut from large-area GNM/SWNT 
membranes. Compared with the CTA membrane, 
the GNM/SWNT membranes showed a high 
resistance to bacterial attachment for a long 
period of operation (figs. S27 and $28), indicat- 
ing that the GNM/SWNT membranes exhibit 
excellent antibiofouling characteristics, which 
may be partly attributed to the smooth surface of 
the GNM (35) and the antibacterial performance 
of graphene (36). 


Tubular water-desalination module 


The commercial spiral-wound membranes are typ- 
ically composed of stacked membranes scrolled 
into a tubular structure to enable a large contact 
area with feed solution and to further improve 
the water production output (37). Given the me- 
chanical flexibility of the GNM/SWNT hybrid mem- 
branes, we investigated their water-desalination 
performance by bending the membrane to a 
specific curvature with a porous substrate (such 
as PDMS). The water-desalination device is com- 
posed of two stacked cylindrical silicone tubes, 
with the inner tube (0.16 cm? aperture present in 
the tube) incorporating a GNM/SWNT hybrid 
membrane (Fig. 5, A and B) (24). The control G/ 
SWNT membrane exhibited negligible water and 
salt permeance that was nearly the same as that 
observed without bending (Fig. 5C and fig. S29), 
indicating that the G/SWNT membrane main- 
tains the mechanical integrity well under bend- 
ing conditions. The GNM/SWNT membrane 
showed a slight increase in permeance, by a 
factor of 1.2 and 1.6 for water and salt, respec- 
tively, indicating that the bending process may 
have induced the formation of a few small cracks. 
Despite the increased ion permeance, the GNM/ 
SWNT membrane retained a salt rejection of 
up to 95.3% after 24 hours of osmotic operation 
(Fig. 5C), suggesting that the GNM/SWNT mem- 
brane is mechanically flexible enough to sustain 


= 
i=) 
° 
4 


Salt rejection (%) 


Salt permeance (mol m? h~ 


GNM/SWNT membrane attached to the cylindrical silicone tube with 

a 0.16-cm? aperture. Scale bar, 1 cm. (C) Water and salt permeance and 
salt rejection of the G/SWNT and GNM/SWNT membranes under 
bending conditions. Error bars represent standard deviations of three 
independent measurements. 
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large deformation. The production efficiency 
can be further improved by packing the tubes 
incorporated with membranes into bundles with 
high packing density or scrolling the GNM/SWNT 
membrane into a spiral-wound structure. We 
further evaluated the water permeability and 
salt rejection of the GNM/SWNT membrane 
under different cross-flow velocities. The results 
indicated that the cross-flow velocity of 2cms"? 
is the optimized condition for achieving high 
water permeance and salt rejection (fig. S30). At 
this velocity, the external concentration polar- 
ization is minimized while retaining sufficient 
membrane structural integrity. 

We have designed a large-area, ultrathin GNM/ 
SWNT hybrid membrane for highly efficient wa- 
ter purification. The macroscopic SWNT network 
helps to retain the structural integrity and improve 
the mechanical strength of monolayer GNM 
membrane, and the high-density subnanometer 
pores in the atomically thin GNMs ensure ef- 
fective size-exclusion ionic/molecular nanofiltra- 
tion and low permeation resistance. The GNM/ 
SWNT hybrid membranes thus address the crit- 
ical trade-off between water permeance and 
solute rejection in conventional desalination 
membranes. The high water permeance and 
excellent size selectivity combined with the 
excellent antifouling characteristics may make 
GNM/SWNT hybrid membranes highly attractive 
for energy-efficient and robust water treatment. 


REFERENCES AND NOTES 


1. A. Esfandiar et al., Science 358, 511-513 (2017). 
2. C. Klaysom, T. Y. Cath, T. Depuydt, |. F. J. Vankelecom, Chem. 
Soc. Rev. 42, 6959-6989 (2013). 


Yang et al., Science 364, 1057-1062 (2019) 


14 June 2019 


© OND 


a 


oR WN 


So 


L.-C. Lin, J. C. Grossman, Nat. Commun. 6, 8335 (2015). 

S. Karan, Z. Jiang, A. G. Livingston, Science 348, 1347-1351 
(2015). 

R. R. Nair, H. A. Wu, P. N. Jayaram, |. V. Grigorieva, A. K. Geim, 
Science 335, 442-444 (2012). 

J. Abraham et al., Nat. Nanotechnol. 12, 546-550 (2017). 

K. Goh et al., Adv. Funct. Mater. 25, 7348-7359 (2015). 

R. H. Tunuguntla et al., Science 357, 792-796 (2017). 

A. Morelos-Gomez et al., Nat. Nanotechnol. 12, 1083-1088 
(2017). 

P. Sun, K. Wang, H. Zhu, Adv. Mater. 28, 2287-2310 (2016). 
J. Bai, X. Zhong, S. Jiang, Y. Huang, X. Duan, Nat. Nanotechnol. 
5, 190-194 (2010). 

R. K. Joshi et al., Science 343, 752-754 (2014). 

B. Mi, Science 343, 740-742 (2014). 

L. Wang et al., Nat. Nanotechnol. 12, 509-522 (2017). 

D. Cohen-Tanugi, J. C. Grossman, Nano Lett. 12, 3602-3608 
(2012). 


. _M. Heiranian, A. B. Farimani, N. R. Aluru, Nat. Commun. 6, 8616 


(2015). 
S. P. Surwade et al., Nat. Nanotechnol. 10, 459-464 (2015). 


. K. Celebi et al., Science 344, 289-292 (2014). 
. D. Cohen-Tanugi, J. C. Grossman, Nano Lett. 14, 6171-6178 


(2014). 


. E. Shi et al., Adv. Mater. 27, 682-688 (2015). 
. X. Lin et al., Nat. Commun. 4, 2920 (2013). 
. J.-D. Boissonnat, F. Nielsen, R. Nock, Discrete Comput. Geom. 


44, 281-307 (2010). 


. Y. B. Yang et al., Adv. Funct. Mater. 27, 1604096 (2017). 

. See supplementary materials. 

. H. Liu, H. Wang, X. Zhang, Adv. Mater. 27, 249-254 (2015). 
. A. Akbari et al., Nat. Commun. 7, 10891 (2016). 

. M. Hu, B. Mi, Environ. Sci. Technol. 47, 3715-3723 (2013). 
. Y. Han, Z. Xu, C. Gao, Adv. Funct. Mater. 23, 3693-3700 


(2013). 


. Y. Q. Yuan et al., Desalination 405, 29-39 (2017). 
. W. Li, W. Wu, Z. Li, ACS Nano 12, 9309-9317 (2018). 


. W. Choi et al., J. Membr. Sci. 527, 121-128 (2017). 
. Z. Jiang, S. Karan, A. G. Livingston, Adv. Mater. 30, 1705973 


(2018). 


. J. Y. Lin et al., J. Membr. Sci. 501, 1-14 (2016). 
. Y.-J. Tang, Z.-L. Xu, S.-M. Xue, Y.-M. Wei, H. Yang, J. Membr. 


Sci. 498, 374-384 (2016). 


35. R. Yang, H. Jang, R. Stocker, K. K. Gleason, Adv. Mater. 26, 
1711-1718 (2014). 

36. W. Hu et al., ACS Nano 4, 4317-4323 (2010). 

37. H. B. Park, J. Kamcev, L. M. Robeson, M. Elimelech, 
B. D. Freeman, Science 356, eaab0530 (2017). 


ACKNOWLEDGMENTS 


Funding: We thank Y. Fang (National Center for Nanoscience and 
Technology, Beijing, China) for help with the synthesis of low- 
pressure CVD graphene. Q.Y. acknowledges support from the 
National Key Research and Development Program of China 
(2017YFA0208000), the National Natural Science Foundation of 
China (21675120), the Foundation for Innovative Research 
Groups of NSFC (21521063), the Ten Thousand Talents Program 
for Young Talents, the Start-up Research Fund (531107050973, 
531109010053), and the State Key Laboratory of Chemo/Bio- 
Sensing and Chemometrics at Hunan University (734106172). H.C. 
is grateful for the start-up funds provided by The Pennsylvania 
State University. Author contributions: X.D., Q.Y., and A.C. 
proposed the research and supervised the project. Y.Y. and X.Y. 
designed and conducted the experiments and analyzed the 
experimental results. L.L. performed part of the structural 
characterization of the membranes. Y.G., H.C., X.L., and R.M. 
conducted the structural and simulation analysis of the 
membranes. M.Z. performed the growth of SWNT films and 
conducted the mechanical performance tests. Y.Y., X.Y., Q.Y., and 
X.D. cowrote the manuscript. All authors discussed the results 
and commented on the manuscript. Competing interests: The 
authors declare no competing interests. Data and materials 
availability: All data are available in the manuscript or in the 
supplementary materials. 


SUPPLEMENTARY MATERIALS 


science.sciencemag.org/content/364/6445/1057/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. S1 to S30 

Tables S1 and S2 

References (38-51) 

Movie S1 


20 June 2018; resubmitted 25 November 2018 
Accepted 3 May 2019 
10.1126/science.aau5321 


6 of 6 


RESEARCH 


PHASE-CHANGE MEMORY 


Femtosecond x-ray diffraction reveals 
a liquid-liquid phase transition 
in phase-change materials 


Peter Zalden’*>?*, Florian Quirin*, Mathias Schumacher’, Jan Siegel®, Shuai Wei’, 
Azize Koc*®, Matthieu Nicoul*, Mariano Trigo””, Pererik Andreasson®, 

Henrik Enquist®, Michael J. Shu’®, Tommaso Pardini", Matthieu Chollet’”, 

Diling Zhu’”, Henrik Lemke’”"’, Ider Ronneberger’, Jorgen Larsson®, 

Aaron M. Lindenberg””’*, Henry E. Fischer’, Stefan Hau-Riege™, David A. Reis”, 
Riccardo Mazzarello’, Matthias Wuttig”?®, Klaus Sokolowski-Tinten** 


In phase-change memory devices, a material is cycled between glassy and crystalline 
states. The highly temperature-dependent kinetics of its crystallization process enables 
application in memory technology, but the transition has not been resolved on an atomic 
scale. Using femtosecond x-ray diffraction and ab initio computer simulations, we 
determined the time-dependent pair-correlation function of phase-change materials 
throughout the melt-quenching and crystallization process. We found a liquid-liquid phase 
transition in the phase-change materials Ag,In3Sbe7Te2g and Ge;5Sbgs at 660 and 

610 kelvin, respectively. The transition is predominantly caused by the onset of Peierls 
distortions, the amplitude of which correlates with an increase of the apparent activation 
energy of diffusivity. This reveals a relationship between atomic structure and kinetics, 
enabling a systematic optimization of the memory-switching kinetics. 


he global amount of data grows exponen- 

tially (D and alternative memory technol- 

ogies are being considered to satisfy the 

resulting demands. Phase-change memory 

promises higher storage densities as well as 
faster retrieval rates due to the nondestructive 
readout compared with state-of-the-art memory 
technology (2-5). In phase-change memory, in- 
formation storage occurs by cycling small vol- 
umes of the material between its glassy and 
crystalline states. An optically or electrically 
induced thermal stimulus allows switching be- 
tween them. Crystallization is the time-limiting 
step as glass formation (vitrification) can be fa- 
cilitated rapidly by a melt-quenching process. 
Nevertheless, even crystallization can take place 
within less than a nanosecond (6-8). Phase- 
change memory therefore relies on the kinetic 
contrast of the active materials: A high atomic 
mobility at elevated temperature allows quick 
crystallization, whereas low atomic mobility at 
ambient temperatures allows long-term data re- 
tention (7, 9-13). Good glass-forming materials 
are generally characterized by a glass transition 
temperature T, that is relatively close to the melt- 
ing temperature 7,,. This occurs for values of the 
Turnbull parameter T/T, = 2/3 (14). Bad glass 
formers have typical values of T/T, < 1/2, which 


enables rapid crystallization. Optimum perform- 
ance of a phase-change material (PCM) cannot be 
achieved by focusing on any one of these criteria, 
and the temperature dependence of atomic mo- 
bility, i.e., its viscosity, must be understood in 
detail to enable a systematic optimization of ki- 
netic properties suitable for phase-change mem- 
ory devices. 

The temperature dependence of viscosity dif- 
fers among various glass-forming liquids as the 
temperature approaches the glass transition T;. 
Although some liquids show an Arrhenius-like 
behavior and are classified as “strong” (e.g., 
silica), others display a range of non-Arrhenius 
behaviors and are classified as “fragile” (e.g., 
o-terphenyl) (75). In some anomalous liquids, a 
fragile-to-strong (FTS) crossover may occur, in 
which the high-temperature fragile liquid is 
transformed into a low-temperature strong liq- 
uid (16-18). The FTS crossover is usually as- 
sociated with a maximum in thermodynamic 
response functions [e.g., heat capacity (C,), ther- 
mal expansivity (ap), and compressibility («7)], 
which may be attributed to a phase transition 
between two liquid phases characterized by dis- 
tinct physical properties (e.g., density and entropy) 
and different atomic structures. The FTS crossover 
was first proposed to explain the behavior of 


water, which is a fragile liquid down to the tem- 
perature of the homogeneous nucleation limit 
but behaves kinetically strong when heated from 
the solid amorphous state above T, (19). Similar 
observations were made on the PCM Ag-In-Sb- 
Te in its liquid and solid amorphous states 
(9, 12, 20). However, in PCMs, liquid quenching 
is difficult owing to the rapid onset of crystal- 
lization. This limits the accessible supercooling 
range at common cooling rates (21), making 
observations of FTS crossovers or liquid-liquid 
phase transitions (LLPTs) difficult. The apparent 
FTS crossover in PCMs renders the hypothesis of 
LLPTs appealing and also implies anomalous 
structural, thermodynamic, and diffusive prop- 
erties (21-23). 

The microscopic mechanism underlying the 
crossover is unclear. Liquid Ge,;Tes; shows an 
increase of medium-range order (MRO) upon 
supercooling, compatible with an increase of 
local atomic distortions (24), yet Ge,;Teg; is a 
good glass former and thus cannot be used as a 
PCM. More generally, direct experimental evi- 
dence for LLPTs in systems that crystallize rap- 
idly is rare because the time scales available to 
probe the supercooled liquid state before it crys- 
tallizes are short. Therefore, the name “no-man’s 
land” was coined to refer to the highly super- 
cooled region (150 to 236 K) (25) in the phase 
diagram of water, whose anomalous properties 
have long been debated (26). Only recently, ultra- 
fast x-ray laser scattering has enabled directly 
probing supercooled water down to 227 K and 
revealed evidence of a continuous LLPT (27). 
From the computational side, LLPTs were ob- 
served previously in simulations of ST2 water 
(28, 29), although the possibility of the existence 
of a true liquid-liquid critical point (LLCP) in 
the supercooled liquid has been challenged the- 
oretically (30). Similar data are not yet available 
for PCMs, but an anomalous breakdown of the 
Stokes-Einstein relationship (SER) in the equi- 
librium liquid of GeSb.Te, was recently observed 
and was speculated to be caused by an LLPT 
below Ty, (32). We focused our attention on 
Sb-based PCMs because Ag,In3Sbg7Teog (AIST) 
(9, 12, 20) and GeoSbo; (32) have crossovers in 
the apparent activation energy of viscosity. Both 
materials are used as PCMs in optical [AIST (4)] 
and electronic [Ge,;Sbg; (33)] memory devices. 


The liquid-liquid phase transition 


We used hard x-ray laser pulses from an x-ray 
free electron laser (the Linear Coherent Light 
Source, LCLS) to overcome the temporal limi- 
tation of probing the atomic structure of highly 
supercooled PCMs. With the X-ray Pump Probe 
(XPP) instrument (34), optical laser pulses with 


1Stanford PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Rd., Menlo Park, CA 94025, USA. °Stanford Institute for Materials and Energy Sciences, SLAC National 


Accelerator Laboratory, 2575 Sand Hill Rd., Menlo Park, CA 94025, USA. “European XFEL, Holzkoppel 4, 22869 Schenefeld, Germa 
Duisburg-Essen (CENIDE), University of Duisburg-Essen, Lotharstrasse 1, 47048 Duisburg, Germany. “Institut ftir Theoretische Fes’ 
University, Germany. “Instituto de Optica, CSIC, C/Serrano 121, 28006 Madrid, Spain. 71. Physikalisches Institut and JARA-FIT, RW 


ny. “Faculty of Physics and Center for Nanointegration 
korperphysik, JARA-FIT and JARA-HPC, RWTH Aachen 
TH Aachen, Sommerfeldstrasse 14, 52074 Aachen, Germany. 


8institut fur Physik und Astronomie, Universitat Potsdam, Karl-Liebknecht-Strasse 24-25, 14476 Potsdam, Germany. °Department of Physics, Lund University, Professorsgatan 1, 223 62 Lund, 
Sweden. !°Department of Applied Physics, Stanford University, Stanford, CA 94305, USA. “Lawrence Livermore National Laboratory, Livermore, CA 94550, USA. ““Linac Coherent Light Source, 
SLAC National Accelerator Laboratory, 2575 Sand Hill Rd., Menlo Park, CA 94025, USA. Paul Scherrer Institute, Forschungsstrasse 111, 5232 Villigen, Switzerland. “Department of Materials 
Science and Engineering, Stanford University, Stanford, CA 94305, USA. “Institut Laue-Langevin, 71 Avenue des Martyrs, CS 20156, 38042 Grenoble Cedex 9, France. PGI 10 (Green IT), 


Forschungszentrum Jilich, 52428 Julich, Germany. 


*Corresponding author. Email: klaus.sokolowski-tinten@uni-due.de (K.S.-T.); peter.zalden@xfel.eu (P.Z.) 


Zalden et al., Science 364, 1062-1067 (2019) 


14 June 2019 


1 of 6 


RESEARCH | RESEARCH ARTICLE 


15 2 


2.5 3 
qin 1/A 


3.5 


Fig. 1. Evolution of the atomic structure of AIST during the melt- 
quench cycle, resolved in reciprocal space. (A) Structure factor 

S(q) of AIST after optical excitation with 24 mJ/cm? throughout the 
entire melt—quench cycle from the initial, as-deposited amorphous state 
(B) to the final crystalline state (C). The atomic structure factors of the 
initial and final states are in good agreement with reference data from total 
neutron scattering (ND) (58) and literature values for the crystalline 


800-nm center wavelength and 50-fs pulse dura- 
tion are absorbed by a thin film of PCM at time 
ty. Subsequently, electron-phonon coupling heats 
the PCM on the few-picosecond time scale (35, 36), 
leading to melting at sufficiently high excitation 
fluences. The PCM is quenched by diffusive ther- 
mal transport into the supporting membrane of 
SigN,, which is of similar thickness as the PCM. 
To probe the atomic structure during this melt- 
quench cycle, we collected the diffraction patterns 
of x-ray pulses with 1.305-A center wavelength 
on a two-dimensional area detector (fig. S1) (37). 
We varied the delay At between the optical pump 
event at ¢) and the x-ray probe event at time ¢, 
At = t - to, between negative values and tens of 
microseconds. We performed each set of pump- 
probe events on a new spot of the sample, which 
was irreversibly modified as a result of the in- 
tense optical and x-ray pulses. Nevertheless, the 
x-ray probe pulse duration of 50 fs is sufficiently 
short to ensure that the atomic structure does 
not change during the probe interaction. 

We found that the structure factor S(q) of 
amorphous AIST was dominated by two broad 
diffraction rings centered at q, = 2.07 (1) A? 
and qo = 3.21 (2) A“, clearly visible in Fig. 1, A, B, 
and D. At At < 0, the diffraction pattern of the 
unpumped, as-deposited amorphous structure 
is recorded at the initial temperature of 298 K. 
At At of a few picoseconds, the peak intensity of 
both rings decreases and their radii approach 
each other. Consistently, the ratio go/g, depicted 
in Fig. 1F decreases within the first picoseconds, 
but almost recovers to the initial value of the 
amorphous state after a few nanoseconds. This 
behavior is strong evidence for a structural 
transition in a disordered state beyond just a 
thermally induced reduction of the scattering 
efficiency (Debye-Waller), which would leave 
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the peak positions unaffected. Further evidence 
for a phase-transition behavior comes from the 
highly nonlinear scaling of the peak structural 
modification with the pump fluence (Fig. 1G). 
The finding that crystallization eventually occurs 
at fluences above 14 mJ/cm? (see fig. S4) enables 
us to derive a lower bound for the temperature 
jump several microseconds after optical excitation. 
At the time of crystallization (5 us), the temper- 
ature in the PCM must be above the temperature 
at which crystallization sets in at calorimetric 
heating rates of a few kelvin per minute. In AIST, 
this temperature is 430 K (38). A comparison with 
literature data on AIST (vertical gray lines) shows 
good agreement of the momentum transfer asso- 
ciated with the strongest reflections (Fig. 1E). 

To quantify the temperature evolution of our 
samples more accurately, we performed finite 
element simulations, which allow temperatures 
to be associated to the structural information 
that we obtained at various time delays and 
fluences. We show the resulting cooling behavior 
of the 50-nm-thick film of AIST on 50-nm-thick 
membranes (red curves) based on the normalized 
temperature © = Z — where T,, is the melting 
temperature, 810 K for AIST (39), and To is the 
initial temperature of 298 K (Fig. 2). After the 
heating by electron-phonon coupling, the heat 
diffuses from the PCM into the SizN, membrane 
after a few hundreds of picoseconds. Their tem- 
perature equilibrates after a few nanoseconds. 
Subsequently, thermal transport into the frame 
supporting the membranes becomes the dom- 
inant cooling mechanism. The experimental data 
(Fig. 1F) reflect the impact of the two different 
length scales of thermal transport associated with 
the short out-of-plane and the long in-plane axes. 
The time scale of out-of-plane transport is in good 
agreement with the change of atomic structure 
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structure (D and E). Femtosecond x-ray diffraction (XD) enables 
resolving an intermediate structural phase transition in the disordered 
state of AIST, as seen by the change in the ratio q2/q, corresponding to a 
shift of reflections after a few picoseconds and again after a few 
nanoseconds (F). (G) Fluence dependence of the average qz2/q; after 10 to 
100 ps showing the onset of the phase transition at 12 mJ/cm?, also 
shown in (A) by white horizontal arrows. 


in the disordered state at ~1 ns. We observed in- 
plane thermal transport only after delays longer 
than 10 us, rendering it irrelevant for this work. 
We derived two temporal intervals ({¢,} and {dé}, 
indicated in Fig. 2), independent of the pump 
fluence, over which the temperature of the PCM 
was stable within 10%. During these intervals, we 
can predict the temperature of the PCM most 
accurately because it depends predominantly 
on the specific heat of the materials involved. 
We found the same intervals for 60-nm-thick 
GesSbg5 [Tim = 860 K (40)] films on 150-nm-thick 
membranes. 

The atomic structure during {t,} and {Z,} is 
described by the radii of the first (7) and second 
(72) coordination shells. We determined the radii 
from the pair-correlation functions g(r) (Fig. 3A) 
and they revealed a pronounced increase of 7; 
upon excitation. The ratio R = r./7, provides in- 
formation about the structural ordering and we 
measured its evolution with time and fluence 
(Fig. 3, B and C). 

On the basis of these numbers and in combi- 
nation with the thermal simulations, we deter- 
mined R for AIST and Ge,;Sbg; as a function of 
inverse temperature 7,,/T (Fig. 4A). For each 
fluence of the pump laser, we derived one value 
of R from the intervals {t,} and {t,}. Addition- 
ally, we derived one average value from the data 
at negative delays. Direct evidence for a struc- 
tural transition in the supercooled liquids of 
AIST and Ge;;Sbgs comes from a change in slope 
of R(T) in the range of T,,/T between 1 and 1.5. 
This resembles the R(T) behavior in the good 
glass former Ge,;Teg; that also has an FTS cross- 
over and a structural phase transition that cor- 
relate (24), albeit at higher temperatures. We 
interpolated our data with an error function that 
allowed us to determine the temperature of the 
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structural transition by the maximum slope in 
T2/7, occurring at 660 + 20 K and 610 + 20 K for 
AIST and Ge,;Sbg;, respectively. We estimate the 
experimental uncertainty as +20 K SD in our 
experiment mostly caused by statistical fluctua- 
tions in the pump fluence. A normalized version 
of the same error function fits the prepeak in- 
tensity [pp (Fig. 4B and fig. S3) in S(qg), which was 
located at q = 1.08 + 0.02 and 1.06 + 0.02 A* for 
AIST and Gey;Sbgs, respectively. They correspond 
to the formation of periodic structures in real 
space with 5.8 and 5.9 A, which is twice the radius 
of the first coordination shell 7;. This periodicity 
is due to the formation of alternating long and 
short bonds on opposite sides of a central atom, 
which is a characteristic fingerprint of a Peierls 


distortion (47). The pronounced increase of g(r) 
around the second coordination shell indicates 
that the distribution of these interatomic dis- 
tances, being the hypotenuses of ~90° bond 
angles, becomes narrower (figs. S7 and S8). The 
temperature dependence of R and [,, matches 
the temperature dependence of the apparent ac- 
tivation energy of inverse diffusivity D™ (Fig. 4C), 
which corresponds to the apparent activation en- 
ergy of viscosity n, assuming that the SER is valid. 


Aln(Do/D) 


a alae 1 


We derived the diffusivities (Fig. 4D) from 
previous measurements of the viscosity above 
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Fig. 3. Average local structure in AIST and Ge;5Sbgs during the melt—quench process. (A) Atomic 
pair correlation functions g(r) of AIST as a function of time after optical excitation with 24 mJ/cm*. 
The structural transition is most clearly evidenced by a transient shift of the first coordination shell 
r, to longer distances between =1 ps and =5 ns, well before the onset of crystallization after ~5 us. 
Consequently, the structural parameter r2/r, for AIST (B) and GeysSbgs (C) decreases and stays 
at the high-temperature value of 1.36 for several nanoseconds when the fluence is sufficiently high. 
If crystallization is avoided at low pump fluences below 14.5 mJ/cm?, then rz/r, eventually returns 
to its initial values (1.51 + 0.01 in the case of AIST) in the final amorphous solid state for t > 0, when 
ambient temperature is restored. 
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Tm for AIST (42) and Ge,;Teg; (43). In the case 
of AIST, we also calculated diffusivities from 
the crystal growth velocity in the supercooled 
liquid state (72). Because of the uncertainty re- 
garding the validity of the SER in the supercooled 
regime, we prefer to provide diffusivity data, 
which, unlike viscosity data, can be directly cal- 
culated from crystal growth velocities (9) and 
require the assumption of a valid SER only for 
the equilibrium liquid. 

Two different temperatures characterized the 
correlation of apparent activation energies and 
atomic structure. The structural transition tem- 
perature (7,,) occurs at the inflection points 
of R and J,, (Fig. 4, A and B). In the non-PCM 
Gey5Tegs, it occurs at 7y1/Tm = 1.05 (24, 44), 
whereas the LLPT of the PCMs AIST and Ge,;Sbg5 
takes place at T,/T;, = 0.81 + 0.01 and 0.71 + 0.01, 
respectively. 7, coincides with the temperature 
at which the apparent activation energy reached 
~20% of that for the low-temperature state, as 
shown in Fig. 4C for AIST and Ge,;Teg;. For 
Ge,;Sbg;, no kinetic data are available from lit- 
erature. The FTS crossover temperature (Trrs, 
Fig. 4, C and D) was reported to be 570 K in the 
case of AIST and in the vicinity of the melting 
temperature in Ge,;Teg;. It coincides with the 
temperature at which the atomic structure 
reaches ~90% of R for the low-temperature state 
in the case of AIST and Ge,;Teg;. In Ge;5Sbgs, this 
value of R would correspond to a temperature of 
550 + 20 K. 

In this study, we provide direct evidence for 
the structural transition and emphasize its rele- 
vance for the kinetic properties, although the 
structural transition occurs at higher temper- 
atures than the FTS crossover reported previ- 
ously. The state for the kinetic data below the 
FTS crossover is still a matter of debate because 
of experimental difficulties in determining its 
kinetic properties. Orava et al. reported a strong 
liquid state of AIST based on T, = 378 K for a 
standard cooling rate of 20 K/min (20). The 
kinetic data underlying this scenario, however, 
agree with data reported by Salinga et al. (9) 
for glass (Fig. 4D). In an alternative scenario in 
which the glass transition for similar standard 
rates is located at 450 K (45), the strong liquid 
is represented hypothetically by the dashed 
and dotted line in (Fig. 4D), similar to the case of 
Ge,sTegs. In both scenarios, however, the struc- 
tural transition observed in this study correlates 
with the kinetic crossover. To show that the struc- 
tural transition at T,; indeed occurs between two 
liquid states, it is necessary to discuss the role of 
the glass transition. Given the reported glass 
transition of AIST at 450 K (45) for calorimetric 
heating rates of ~1 K/s, an enormous cooling- 
rate dependence of 7, is required to explain a 
transition at 660 K. This requirement, however, 
is in contradiction to the invariant transition 
temperatures observed during the out-of-plane 
cooling during {t,} with a 10" K/s cooling rate 
and the in-plane cooling during {#,} with a rate 
of 10° K/s (fig. S5c). Therefore, the structural 
transition observed here is an LLPT at temper- 
ature 7) ,. 
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Microscopic nature of the transition 
Liquid PCMs are commonly found to be octahe- 
drally coordinated (46), but their corresponding 
amorphous states contain several competing 
structural motifs. Local Peierls distortions of an 
octahedral environment cause the splitting of 
the first coordination shell into two subshells 
with unequal occupation of the first and second 
subshells (47). Although the Peierls distortion 
itself leaves R almost unchanged, the lower occu- 
pation of the second (larger) subshell will reduce 
T,, thereby increasing R. This makes it impossible 
to distinguish this motif from an increase caused 
by the formation of tetrahedral sites, possibly 
together with homopolar bonds as reported 
for GeTe (48, 49). Therefore, we require further 
information on the local structure to resolve the 
exact mechanism responsible for the LLPT. We 
performed ab initio molecular dynamics (AIMD) 
simulations and verified the simulations by com- 
paring them with the temperature-dependent 
structure factors (fig. S6). We reproduced with 
our simulations the peak shift and the reduc- 
tion of intensity. We found that R was less tem- 
perature dependent, which we attributed to the 
faster quench rate in the simulation (3 x 10” K/s) 
(13). At higher quenching rates, the liquid falls 
out of equilibrium at higher temperatures, ki- 
netically freezing-in an intermediate state. The 
lack of equilibration time at each temperature 
step means that the LLPT occurs over a wider 
temperature range. Nevertheless, the trend ob- 
served in AIMD was consistent with our exper- 
imental findings. 

In the case of Ge;sSbgs, 70% of the total num- 
ber of bonds were formed between Sb atoms, 
which dominated the local order and the scat- 
tering signal due to their higher atomic weight. 
Histograms of interatomic distances from an 
Sb atom to its nth nearest Sb neighbor provide 
further insight. As Sb commonly is sixfold coor- 
dinated, the histograms reflect the inner struc- 
ture within the first coordination shell. In the 
liquid state (Fig. 5B), all six histograms have 
equidistant peaks of similar width, indicating a 
regular octahedral environment with regular 
fluctuations due to the dynamics in the liquid 
state. After quenching (Fig. 5C), the n = 1 to 3 
histograms shift to shorter distances, becoming 
narrower and higher. The 7 = 4 to 6 histograms 
get separated further and retain their width from 
the liquid state. This different behavior between 
the three shorter and three longer interatomic 
distances is evidence for the onset of a Peierls 
distortion, also evident from the angular limited 
bond correlation (ALTBC) plots (Fig. 5, E and F). 
The large variation of first-neighbor distances 
limits the discussion of R to a qualitative level, 
because the sixth-nearest neighbor distance in 
low-temperature Ge,;Sbg; (Fig. 5C) is centered 
at 3.7 A, which is closer to the center of mass for 
the second coordination shell (72 = 4.2 A) than 
the first (7, = 2.9 A). This means that the first 
and second coordination shells can no longer be 
resolved because of the inherent disorder. Al- 
though the Peierls distortion alone can explain 
the increase in R, the bond angles around Ge 
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change from the octahedral value of 90° in the 
liquid state to a value of 105° at ambient con- 
ditions (fig. S14). This indicates the formation of 
tetrahedral sites (R = 1.61 for a purely tetrahedral 
structure), which also increase R. The conditions 
in AIST are comparable, but tetrahedral sites are 
formed during the quench only around a fraction 
of the 4% stoichiometric In atoms (13). Because 
AIST shows the same structural trend during the 
quench (Fig. 5A), a Peierls distortion must be the 
dominant mechanism responsible for the change 
in kinetic properties. With increasing Peierls dis- 
tortion in supercooled liquid Ge,;Sbg; and AIST, 
we also observed a tendency for a pseudogap (50) 
opening in the density of states (Fig. 5D and fig. 
$27). Supercooled liquids Ge;;Tegs (57), AsoSe3 
(52), and As Tes; (53) indeed undergo a metal- 
semiconductor transition during the quench, 
accompanied by a maximum of the thermody- 
namic response functions (e.g., C,, ap, and ky), 


Fig. 4. Structural 
parameter R = r2/r, 
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indicative of a fragile-to-strong crossover. Also, 
the pseudogap of liquid Ge.SbsTes exhibits an 
opening tendency during the quench, suggest- 
ing that it might also show an LLPT in the 
supercooled liquid regime (54). 


Discussion and conclusion 


We combined our observations and modeling to 
derive information on the change of the bonding 
mechanism underlying the LLPT. In the equilib- 
rium liquid state, metallic bonds are nondirec- 
tional with a relatively low activation energy of 
viscosity. The formation of Peierls distortions 
during the quench localizes electronic charge 
between the atoms, constraining bond angles 
and increasing the activation energy of viscosity. 
This and the correlation between structure and 
kinetics imply that the LLPT constitutes the struc- 
tural origin of the kinetic crossover. The tendency 
to form a Peierls distortion in the crystalline state 
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triangles are obtained from the initial structures. A similar transition was reported for Gejs legs (gray) 
at the melting point (24). (B) Simultaneously, a prepeak is formed, which is related to additional 
MRO caused by a Peierls distortion. Both structural parameters are found to correlate with an 
increase of the apparent activation energy E, of inverse diffusivity (©). The latter data are derived 
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and for AIST (45). For the latter, literature values show a wide spread. Error bars in this figure 
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Fig. 5. AIMD simulations of melt—quenching Ge,;Sbg, and AIST 
showing the onset of Peierls distortions upon cooling. (A) We observed 
that R increased continuously during the quench, with initial and final 
values similar to experimental values, except that the transition is wider in 
the simulation because of the higher quench rate. (B and C) Nearest- 
neighbor histograms of Sb atoms in GeyjsSbgs showing a continuous 


is one of the characteristic attributes of PCMs, 
which are classified as incipient metals because 
of the sensitivity of their electronic localization 
on the distortion amplitude (55, 56). 

Ultrafast x-ray diffraction after short-pulse ex- 
citation provides access to the atomic structure 
of PCMs over the entire melt-quench cycle with- 
out interference by crystallization. The resulting 
diffraction data reveal a structural LLPT in AIST 
and GeysSbgs. We used AIMD simulations to show 
that this LLPT in both PCMs is dominated by the 
formation of a Peierls distortion, forming distinct 
short and long bonds and opening a pseudogap 
in the electronic density of states. Our observa- 
tion is consistent with earlier predictions that 
the atomic energy gain by a Peierls distortion 
AEy < kgTm (57), because we show that the dis- 
tortion is formed at 7,1, which implies AE)~ 
kyTiL. The temperature-dependent structural 
parameters correlate with the apparent activa- 
tion energy of inverse diffusivity, which suggests 
that the LLPT is responsible for the FTS cross- 
over previously reported in AIST. The kinetic 
transition associated with the FTS crossover has 
important implications for the application of 
PCMs in memory devices: The low kinetic acti- 
vation energy of the high-temperature liquid 
ensures that the high atomic mobility of the 
equilibrium liquid is available for crystallization, 
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i.e., for temperatures between 7,, and 7,,. At 
temperatures below the LLPT, the Peierls distor- 
tion localizes charge and stabilizes the amor- 
phous atomic structure against crystallization, 
which increases the kinetic activation energy 
and rapidly reduces the atomic mobility during 
the quench, enabling the formation of a glass 
that is stable at ambient conditions. A material 
with lower 7,;/7T, therefore offers a wider tem- 
perature window between 7,, and 7;,, where 
fast crystallization is possible, and explains why 
AIST and Ge;;Sbgs are PCMs, whereas Ge;5Tegs 
is not. Our results offer a new strategy for the 
design of improved PCMs for specialized memory 
applications based on the atomic-bonding mech- 
anism in these materials. 
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Cryo-EM structure of the mammalian 
ATP synthase tetramer bound with 
inhibitory protein IF1 


Jinke Gu’, Laixing Zhang"*, Shuai Zong’*, Runyu Guo™, Tianya Liu’, Jingbo Yi’, 


Peiyi Wang”, Wei Zhuo’, Maojun Yang”? + 


The mitochondrial adenosine triphosphate (ATP) synthase produces most of the ATP 
required by mammalian cells. We isolated porcine tetrameric ATP synthase and 

solved its structure at 6.2-angstrom resolution using a single-particle cryo—electron 
microscopy method. Two classical V-shaped ATP synthase dimers lie antiparallel to each 
other to form an H-shaped ATP synthase tetramer, as viewed from the matrix. ATP 
synthase inhibitory factor subunit 1 (IF1) is a well-known in vivo inhibitor of mammalian 
ATP synthase at low pH. Two IF1 dimers link two ATP synthase dimers, which is 
consistent with the ATP synthase tetramer adopting an inhibited state. Within the 
tetramer, we refined structures of intact ATP synthase in two different rotational 
conformations at 3.34- and 3.45-A resolution. 


;Fo adenosine triphosphate (ATP) synthases 
are molecular motors that enable conver- 
sion of energy from a proton gradient to the 
high-energy terminal phosphodiester bond 
of ATP. The overall architecture of this 
multipart enzyme is largely conserved from bac- 
teria to the mitochondria of eukaryotes (J-3). 
ATP synthases comprise the soluble F, hexag- 
onal head plus central shaft and membrane- 
embedded Fo peripheral stalk and c-ring (4). 
The central shaft and c-ring form the well-known 
rotor, whereas the hexagonal head and peripher- 
al stalk form the so-called stator. Because the 
number of protons required for one rotation, 
which generates three ATP molecules, is often 
not a multiple of three (5, 6), it was proposed 
that torsion energy can be stored and released 
during the rotation cycle (7, 8). 
Oligomerization of ATP synthase is proposed 
to be involved in the formation of cristae in 
mitochondria (9, 10). Two types of interfaces are 
proposed in oligomers: one between the two pro- 
tomers in a dimer and another between dimers 
in row-like structures. A recent dimeric ATP syn- 
thase structure from yeast showed that subunit a 
and subunit i/j are major contributors for di- 
merization (77). It has been reported that the 
distance between protomers in a dimer of a given 
species is constant, but the distance between 
dimers within row-like structures is variable 
(12, 13). This observation suggests that there are 
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tight interactions within the dimer, but inter- 
actions between dimers are less constrained. 

ATP synthase constitutes ~20% of the total 
membrane proteins present in mitochondria. 
Its ATP hydrolysis rate (>4000 molecules per 
second) is much higher than its ATP synthesis 
rate (~400 molecules per second), so it is critical 
to inhibit this enzyme when proton motive force 
across the inner membrane is lost (J4). ATP 
synthase inhibitory factor subunit 1 (IF1) is an 
in vivo inhibitor of mammalian ATP synthase. 
As previously demonstrated (15, 16), IF1 has two 
oligomeric states: dimer and tetramer. At pH 8.0, 
IF1 could form a tetramer through coiled-coil 
interactions involving the N-terminal inhibitory 
regions, thus preventing its inhibitory activity (15). 
However, when Ap level drops and pH plunges 
below 6.5 in matrix, IF1 disassembles into dimers, 
in which only the C-terminal regions form anti- 
parallel coiled-coil interactions, and the N-terminal 
inhibitory regions are set free to insert into the F, 
heads (17). 

In this study, we report a cryo-electron micro- 
scopy (cryo-EM) structure of a tetrameric ATP 
synthase from pig, Sas scrofa domesticus, bound 
with IF] in a conformation that is consistent with 
an inhibited state. In our 6.2-A tetrameric ATP 
synthase structure, we detected six sites of inter- 
actions between the two dimers. From this low- 
resolution complex, we extracted and solved 
substructures of two rotational states at 3.34 
and 3.45 A. The combination of low- and high- 
resolution information reveals mechanism for 
regulation of mammalian ATP synthase in which 
IF1 brings together dimers into a putatively non- 
productive tetramer. 


Structure determination 


In our previous studies (18), when we analyzed 
the cryo-EM data of the mitochondrial electron 
transfer chain supercomplexes and megacom- 
plexes, we invariably found a minor population 


of particles that had an H-shaped architecture 
in the two-dimensional (2D) classification pro- 
cesses (fig. S1). Further analyses of these particles 
revealed that they belonged to a tetrameric ATP 
synthase complex, which is corresponding to the 
high-molecular-weight bands in previous bio- 
chemical clear-native polyacrylamide gel electro- 
phoresis (CN-PAGE) analyses (19). We optimized 
protein purification procedures to obtain larger 
amounts of the tetrameric ATP synthase from 
fresh porcine hearts and collected cryo-EM images 
(fig. S2 and supplementary materials). We re- 
fined the structure of this tetrameric porcine ATP 
synthase to an overall resolution of 6.2 A (Fig. 1, 
figs. S3 and S4, and table S1). Two V-shaped ATP 
synthase dimers are positioned nearly perpendic- 
ular to form an architecture with C2 symmetry. 
Structural comparison indicates that the two 
protomers within each dimer are in E-state and 
DP-state (Fig. 1). 

In order to obtain high-resolution structures 
of subcomponents of the tetramer, we first re- 
constructed the density map of the tetrameric 
porcine ATP synthase at an overall resolution 
of 10.5 Ain Cl symmetry using a total of 179,323 
twice-binned particle images (fig. S5A). The diag- 
onal protomers adopt similar conformations. 
To obtain the overall F,Fo density, we per- 
formed masked 3D classification focused on 
the F, section followed by classification of the 
selected particles with an F,Fo mask. After 3D 
autorefining, we obtained both the E-state and 
the DP-state densities at overall 3.34- and 
3.45-A resolutions, respectively (figs. 85, B to 
D, and S6). 

To obtain the local density of Fo section, the 
selected particles were first refined by using F\Fo 
mask and then refined by using Fo mask. E-state 
and DP-state Fo section densities were deter- 
mined at 3.94- and 4.35-A resolutions overall, 
respectively (fig. S7). Using a combination of 
structure docking and de novo modeling, we 
built structural models of all 30 subunits in 
COOT (20); 26 subunits could be built with clear 
side chains (table S2). The side chains of subunits 
e, g, k, and 6.8PL (6.8 kDa proteolipid) are not 
well resolved (fig. S8 and table $2). The “gold 
standard” Fourier shell correlation criteria be- 
tween the models and maps have no significant 
differences, indicating the absence of overfitting 
(figs. S9 and S10). 


Overall structure of mammalian 
ATP synthase 


The two ATP synthase states, E and DP, differ in 
the direction of the central shaft subunit y, the 
conformation of subunits a383, and the position 
of the peripheral stalk (Fig. 2), similar to previous 
reports (2/, 22). The subunit compositions are 
identical in both states, including all 18 previously 
identified ATP synthase subunits (23, 24) anda 
newly detected subunit k. In 1994, Walker de- 
fined the o and B subunits in the ash; head as op, 
Br, Opp, Bop, O-rp, and Brp, respectively, with nu- 
cleotide binding site in the Bg being empty, in the 
Bpp containing adenosine diphosphate (ADP), and 
in the Bp containing adenylyl-imidodiphosphate 
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(AMP-PNP). The a subunits all contain ATP 
(17, 25, 26) but are named according to the B 
subunit with which they form the intact catalytic 
site. Viewed from the N termini of the o and B 
subunits, Bpp is downstream of Bz, and Brp is 
upstream of Bx, in a clockwise direction. In one 
state, the subunit o adjacent to the peripheral 
stalk is ag, so we define this state as the E state 
for our structure. Likewise, in the other state, the 
subunit o adjacent to the peripheral stalk is app, 
so we define this state as the DP state (Fig. 2) 
(8, 27). 

In this porcine ATP synthase structure, we 
identified a piece of density in the site occupied 
by subunit k in the yeast structure (Fig. 2 and 
figs. S8G and S11) (1, 27). No subunit k is present 
in the bovine structure, and BLAST (Basic Local 
Alignment Search Tool) analysis indicated that 
no analog of yeast subunit k is present in mam- 
malian ATP synthases. A recent report proposed 
that the human proteins DAPIT (diabetes-associated 
protein in insulin-sensitive tissue) and 6.8PL 
(6.8 kDa proteolipid) are analogs of subunits k 
and i/j in yeast, respectively (23). However, the 
density in our map corresponding to subunit i/j 
in the yeast structure is adequate to enable side 
chain building, and we assigned DAPIT to this 
density (fig. S8H). Besides, the N terminus of 
subunit b is assigned to a lateral helix over the 
membrane (Fig. 2), whereas this helix was as- 
signed as subunit g in the yeast structure. 

In addition to the density corresponding to 
yeast subunit k, we also identified a helical den- 
sity in the center of the cg-ring (fig. S12). Although 
we were unable to build the side chains of this 
subunit into the low-resolution density maps, we 
propose that this subunit may be the previously 
reported subunit 6.8PL for four reasons: (i) 6.8PL 
was found as a subunit of mammalian ATP syn- 
thase in previous biological and biochemical 
studies (24) and could not be assigned to the 
density corresponding to yeast subunit i/j be- 
cause this density was built as subunit DAPIT in 
our structure. (ii) Secondary structure predic- 
tions clearly show that the N-terminal 45 amino 
acids of 6.8PL form a long helix, which is con- 
sistent with our density within the cs-ring (fig. 
§12C). The density corresponding to subunit k 
contains a flexible N-terminal loop, suggesting 
that this density does not belong to 6.8PL (fig. 
S8G). (iii) The helix is close to the C terminus of 
subunit e (Fig. 2 and fig. S11), which is consistent 
with previous cross-linking studies (28). (iv) In 
a recent vacuolar H*-adenosine triphosphatase 
(V-ATPase) structure (29), the elliptical c,9-ring 
is composed of eight c subunits, a subunit c’ 
and a subunit c’”. Within the c;9-ring, two helical 
densities were identified and the authors as- 
signed them to subunit Voal and the N ter- 
minus of subunit c’’. Because our density map 
within the cg-ring is not well resolved, we can- 
not exclude the possibility that this density 
belongs to a protein recruited into the cg-ring 
when ATP synthase is inhibited. A structure 
with better defined density in this region will 
be needed to definitively establish the iden- 
tity of this subunit. 
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Fig. 1. Cryo-EM structure of a porcine ATP synthase tetramer. Cryo-EM map at 6.2-A resolution 
displayed at 50 contour level. M, matrix; IM, inner membrane; IMS, intermembrane space. 


Conformational changes between two 
states of ATP synthase 

Alignment of the E-state and DP-state models 
based on subunit a of the Fp section showed that 
the transmembrane helices of subunits b, e, f, g, 
k, AGL, and DAPIT match quite well between the 
two states (fig. S13, A and B), indicating that 
these helices are stably anchored in the mem- 
brane. Conversely, the cg-ring and the peripheral 
stalk adopt different positions in the two states, 
indicating that these subunits move along with 
the rotation of the central shaft. 

Alignment of the two states based on the F, 
section reveals that the conformation of the pe- 
ripheral stalk and central shaft changes increas- 
ingly from top to bottom (fig. S13C). The a3B3 
heads, the top regions of the central shaft, and 
even the IF1 inhibitors are extremely well 
matched (fig. S13, C and D), suggesting that the 
conformation of the ogBx pair, oppBpp pair, and 
OrpBrp pair is constant during each rotation step 
of the catalytic cycle. The lower part of the central 
shaft comprising subunits 6 and ¢ is only slightly 
changed, whereas the cx-ring is obviously rotated 
(fig. S13C). 

Between the E and DP states, the central shafts 
have rotated by around 120°. We noticed that 
D194 in subunit y can interact with R38 of one 
of the eight c subunits (fig. $14); thus, this R38 
could potentially be used as a marker to dis- 
tinguish a specific c subunit in the ring. Between 
the two states, the corresponding c subunit ro- 
tates ~140°, indicating that torsion must occur 
within the rotor during rotation. Considering 
that there are three a pairs but eight c subunits, 
the observed torsion is reasonable and consistent 
with previous reports (21, 30, 32). The conforma- 
tions of the F, section and the c,-ring are nearly 
unchanged on their own, so we conclude that 
torsion within the rotor between each catalytic 


step happens at the interaction surface between 
the central shaft and the cg-ring. (Single-letter 
abbreviations for the amino acid residues are 
as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, 
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; and Y, Tyr.) 


The linkage between the F, 
and Fo sections 


Consistent with the previous structural findings 
(8, 11, 21, 22, 27, 32), in our E- and DP-state por- 
cine ATP synthase structures, the F, and Fo sec- 
tions are linked at two sites. One is at the top of 
the overall structure between the N-terminal do- 
main of the 0383 head and the hook of the periph- 
eral stalk (fig. S14, A to C). This link is mediated 
by the conserved subunit OSCP (oligomycin sen- 
sitivity conferral protein), which has N- and C- 
terminal domains. The C-terminal domain is in 
contact with subunit F6 and bends the subunit 
b C-terminal helix into a hook (figs. S14, A and 
B, and S15A). In agreement with the chloroplast 
ATP synthase structure, the N-terminal helix of 
the og subunit can interact with subunit b, and 
the N-terminal helix of F6 and the C-terminal 
domain of OSCP hitch the a383 head onto the 
hook of the peripheral stalk (8, 27). The N-terminal 
domain of OSCP forms stable interactions with 
the N-terminal helix of op, but the N-terminal 
helix of opp is ambiguous in our structure (fig. 
$14, A and C). However, the density map of the 
N-terminal helix of opp is blurred, probably be- 
cause of disorder in this helix. Another linking 
site is at the membrane surface between the cen- 
tral shaft and the cg-ring. In subunit c, the loop 
linking the N- and C-terminal helices is respon- 
sible for interacting with residues from subunit 
y, 5, and e. According to our density map, it is 
likely that all eight c subunits are involved in the 
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interaction with the central shaft (fig. S14, A and 
D). Comparing these linking sites between the 
E-state and DP-state structures indicates that 
although the stator has rotated around 120° the 
interacting pattern between cg,-ring and the cen- 
tral shaft remains largely unchanged (figs. S13A 
and S14D). 


The ADP-inhibited state F, section 


The E-state and DP-state models mainly differ in 
the position of the peripheral stalk, the orienta- 
tion of the central shaft, and the corresponding 
conformational change of a3B, heads (Fig. 2 and 
fig. S13). Because the subunit composition and 
interactions between subunits are similar within 
both states, we focused on the E-state F, section. 
The classic N-terminal B-barrels of a and B sub- 
units alternate, forming a crown on top of the 
head (Fig. 3, Aand B, and fig. S15B). Alignment of 
the three of pairs based on the a subunit reveals 


al 
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ging C,-ring¢ 
bi 


shifts in Bp and Brp relative to Bpp (Fig. 3B). The 
nucleotide binding position of B, is disrupted, 
and the C-terminal region of B, is forced to ac- 
quire an “open” conformation. On the basis of 
comparison of the E-state F, section with the 
previous bovine structure (without the IF1 pro- 
tein), we propose that this disorder may be caused 
by the orientation of subunit y and insertion of 
IF! (fig. $16) (15, 33, 34). 

In the mammalian central shaft, only the N- 
and C-terminal long helices of y subunit protrude 
into the center of the a333 head (Fig. 3A), whereas 
6 and € subunits bind to the root of y subunit and 
interact with the membrane-embedded ¢g-ring 
(fig. S14, A and D). The N-terminal helix of y 
subunit reaches the C-terminal domain of the 
a3B3 head, whereas the C-terminal helix of y sub- 
unit can reach the top of the nucleotide binding 
region of the a3; head (Fig. 3A). The convex side 
of the N-terminal helix of y subunit points toward 


>| i?) 


oO k------T ------>|<------------- 
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the og and B; subunits, and the C-terminal helix 
of y subunit primarily contacts loops from the 
Orp and Brp subunits (Fig. 3A) (14, 35-40). 
According to the “binding change mechanism,” 
during either ATP synthesis or ATP hydrolysis, 
the relative position of Br, Bpp, and Brp is con- 
stant. B; is in an open conformation, with the 
nucleotide binding site being empty waiting for 
accepting new ADP or ATP; Bpp is in a “loose” 
conformation bound with ADP and Pi, ready for 
synthesizing or ejecting; and Brp is in a “tight” 
conformation bound with ATP, waiting to be re- 
leased or hydrolyzed (4, 31, 41). However, struc- 
tural data suggests that in some conditions, Bz 
subunits are not empty, and the nucleotides bound 
in the Bpp or Brp subunits do not strictly corre- 
spond to the DP and TP names (J, 26). Corre- 
spondingly, not all Bpp subunits occur in the loose 
state, and not all Brp subunits are in the tight 
state. These discrepancies can be interpreted 


Fig. 2. Overall structures of E-state and DP-state ATP synthase. (A and C) Cryo-EM maps of (A) E-state ATP synthase at 3.45 A 
(at 30 contour level) and (C) DP-state ATP synthase at 3.34 A (at 30 contour level). (B and D) Cartoon representations of 3D reconstruction 
of substates extracted through focused alignment. 
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as relevant to the inhibited state or a catalytic 
intermediate. The only conclusion we can draw 
is that the structural differences between the Bpp 
and Brp subunits are small. In our structure, all 
the ao subunits are bound with MgATP, and all 
the nucleotide binding sites in the Bg subunits 
are empty. However, all the Bpp and Byp sub- 
units are tightly bound with MgADP without 
free Pi (Fig. 3, B to D). The Bpp and Brp subunits 
in our structures may thus represent the non- 
competitive ADP-inhibited state (14). 


The complete porcine Fo section 


The Fo section is composed of a soluble matrix 
peripheral stalk and a membrane-embedded do- 
main (Fig. 4A). The soluble portion of the sub- 
unit b C-terminal helix protrudes out from the 
membrane root and forms the backbone of the 
peripheral stalk (Fig. 4A). ATP synthases from 
chloroplasts and most bacteria contain two b 
subunits that protrude from the membrane: b 
and b’, with subunit b’ accompanying subunit 
b and inducing the latter to form a hook at the 
top region (8, 21, 37, 42, 43). By contrast, our work 
shows that the ATP synthase from porcine mito- 
chondria only contains one b subunit, with the 
role of subunit b’ being replaced by subunit F6 at 
the top region, subunit d at the root region, and 
subunit AGL in the membrane (Fig. 4A) (44). Polar 
contacts between subunit F6 and subunit b bend 
the top region around 90° to form a hook (fig. S14, 
A and B). The C-terminal region of subunit d locks 
the root of subunit b, and two N-terminal helices 
of subunit d form a hairpin structure accompany- 
ing the middle region of subunit b to add extra 
plasticity and tenacity to this region (Fig. 4A and 
fig. S14A). The soluble portion of the subunit b 
C-terminal helix can obviously bend with its mem- 
brane portion, indicating that the peripheral stalk 
is capable of storing torsion energy. Consistent 
with previous studies (28, 30), the C-terminal helix 
of the A6L subunit protrudes out from the 
membrane root and forms a three-helices bundle 
with subunits b and d, stabilizing the peripheral 
stalk (Fig. 4, A and B). 

A total of 34 transmembrane helices can be 
detected within the membrane region (Fig. 4B 
and fig. S11), including a helix at the site of yeast 
subunit k and the helix inside the c,-ring. We can 
clearly detect a piece of cylindrical density cor- 
responding to a long o-helix containing more 
than 40 amino acids that extrudes from the top 
of the cs-ring to the intermembrane space (IMS) 
(Fig. 4, A and B, and fig. S12), but we cannot de- 
termine whether this helix rotates with the c,- 
ring or not. As stated above, we assigned subunit 
6.8PL to this density. 

A distinct feature of the Fy7 membrane domain 
is the five lateral helices (H2 to H6) of subunit a, 
which form a stable curved belt against the con- 
tinuously rotating cg-ring (Fig. 4, B and C). As in 
previous structures (2, 11, 30), the concave sur- 
face of H5 and H6 directly interacts with the c,- 
ring. The tip of H5 and H6 is locked by the 
membrane portion of subunit b C-terminal helix. 
At the opposite side, the tip of H5 and H4: is 
locked by the k subunit (Fig. 4, A to C, and fig. 
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Fig. 3. The F, section of the IF1-bound E-state ATP synthase. (A) Side-on view of the F; section. 
The F, section structure was rotated 120° counterclockwise in the lower panel. (B) Alignment of the 
OeBe, OrpBrp, aNd OppBpp pairs based on the app subunit [root mean square deviation between the 
debe aNd appBpp pairs. (RMSDe¢ ang pp) = 0.90 A, RMSD between the arpBrp and oppBpp pairs. 
(RMSDyp ana pp) = 0.94 A]. Black and red boxes indicate regions with major differences between the 
a/B pairs. (C) View of the IFl-inhibited F, head viewed from the IMS side. (D) The nucleotide 
binding site in the Brp subunit is displayed at 40 contour level. 


S11). At the convex side of the belt, H3 and H4 are 
locked by subunit AGL and by the DAPIT subunit. 
The vertical H1 of subunit a is aligned with sub- 
unit AGL and subunit f (Fig. 4B and fig. S11). These 
vertical helices—including the membrane portion 
of the subunit b C-terminal helix, A6L, DAPIT, f, 
and k—are very likely to function as an anchor to 
stabilize the subunit a. 

Subunit e is a long, curved helix that crosses 
the membrane, subunit g comprises two helices 
that are embedded on the matrix side of the mem- 
brane, and the N-terminal helix of subunit b is 
positioned far away from the proton channel 
region (Fig. 4A and fig. S11). We propose that 
these helices can collectively account for the 
majority of the interactions occurring among 
the protomers in the tetramer. Given that sub- 
unit e and the C-terminal helix of subunit g 
are apparently tilted in the inner mitochon- 
drial membrane, it is very likely that they are 
closely related to the bending known to occur 
for cristae. 


The proton channels in the mammalian 
Fo section 


Subunit c consists of two helices and adopts a 
hairpin shape. Eight c subunits form a circle, 
with the N-terminal helices arranged inward and 


the C-terminal helices arranged outward (Fig. 4B). 
The loops linking the N- and C-terminal helices 
interact with the central shaft of the F, section, 
including subunits y, 5, and ¢ (fig. S14D). Surface 
electrostatic analysis showed that a circle of nega- 
tive charges encircles the ¢g-ring cylinder in the 
middle of the transmembrane helices (fig. S12D). 
These negative charges are mostly contributed 
by the conserved E58 residues of subunit c heli- 
ces (Fig. 4D) because no charged residues exist in 
the vicinity of E58 in our porcine structure. Ac- 
cording to previous structures of yeast and algal 
ATP synthase, these conserved E58 side chains 
could acquire two conformations (27, 45, 46). 
When protonated, these residues point inward 
to the c-ring in a “closed” conformation; when 
deprotonated, these residues point outward from 
the c-ring, acquiring an open conformation. It was 
previously proposed that only two E58 residues 
covered by subunit a are deprotonated in the open 
conformation, whereas the other six are proton- 
ated in the closed conformation, so when E58 
encounters R159 in subunit a, the protons taken 
from E58 can be pumped across membrane (46). 
In our structure, all E58 residues are likely pro- 
tonated in the closed conformation (Fig. 4, D and 
E) because no protons should translocate in the 
inhibited state. 
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Fig. 4. The complete mammalian Fo section of ATP synthase. (A) Side views along the membrane highlighting the Fo section and OSCP. Other 
subunits are colored gray. (B) The Fo section membrane region viewed from the matrix side. (©) Subunit a residues forming the proton channel. 
(D) A charge-smoothed potential map of subunit a generated in PyMOL. (E) Comparison of subunit a and the cg-ring of the E-state and DP-state. These 


two structures are aligned based on subunit a with a backbone root mean square deviation of 1.46 A. 


It was proposed that the two proton-pumping 
half channels of the Fo section are within the in- 
terface between subunit a and cg¢-ring (30, 47, 48). 
In our structure, H5 and H6 of subunit a form a 
belt precisely holding the cs-ring. Surface electro- 
static analysis of subunit a showed three ob- 
viously charged patches on the belt (Fig. 4D). A 
positively charged subunit a residue R159 is lo- 
cated at the middle region of the belt, forming 
the central patch. Two negatively charged patches 
are separated at the two sides of the central patch. 
One negative patch is accessible to the matrix and 
forms an obvious half channel with the cg-ring; we 
termed this the “matrix patch.” The other negative 
patch is accessible to the IMS and forms a channel 
with subunit b on the opposite side of the c,-ring, 
so we termed it the “IMS patch” (Fig. 4D). The 
negative charge of the matrix patch is mainly 
contributed by E145 and D224, and that of the 
IMS patch is mainly contributed by E203 (Fig. 
4C). Compared with two recent yeast structures 
(11, 27), the E203 side chain points to subunit b in 
our structure but points to subunit c in the yeast 
structures. When the side chain of E203 is point- 
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ing to subunit b, no proton can be transferred to 
E58 from the IMS, a situation that is consistent 
with the putatively IFl-inhibited state of ATP 
synthase tetrameric structure. 

The relative position between subunit a and 
the cg-ring is different in the two resolved states. 
When we aligned the two a subunits for the E- 
state and DP-state models, we observed a ~20° 
rotation in the position of the cg-ring between 
the two states. In the E-state, the conserved E58 
residue of subunit c is closest to the R159 residue 
of subunit a, even though its side chain is in the 
closed conformation. However, in the DP-state, 
clockwise rotation (viewed from the mitochon- 
drial matrix) disrupts the interaction between 
E58 and R159, and R159 acquires a different orien- 
tation from that in the E-state (Fig. 4E), indicat- 
ing that this DP-state structure may be in an 
intermediate c,-ring rotation state. 


Interactions within the ATP 
synthase tetramer 


We docked the high-resolution models of the E- 
state and DP-state ATP synthase into the 6.2-A 


map of the tetramer to obtain the complete tetra- 
meric structure (fig. S17). The F, sections of ad- 
jacent protomers are linked with a long, bow- 
shaped, antiparallel IF1 homodimer (Fig. 5, A and 
B), which is consistent with a previous crystal 
structure of the IFl-inhibited F, head (77). The 
rotational axes between protomers in the dimeric 
subcomplex are ~97°, and the axis between pro- 
tomers adjacent in the tetramer is ~47° (fig. 
$18). The four Fo sections form extensive con- 
tacts that stabilize the tetramer (Fig. 5 and fig. 
$19), and self-dimerization of the IF1 protein 
pulls the two dimers close together within the 
tetramer (Fig. 5B). In the IFl-mediated protomer 
pair, the C-terminal regions of o; (DP state, Gin*”) 
and app (E state, Ser*”’) are close to each other; 
the closest distance is within 4 A (Fig. 5B and fig. 
$17C). In the classic V-shaped dimer, the Fy5 mem- 
brane regions of the two protomers are loosely 
connected, and the F, sections are separated by a 
large gap (Fig. 5C and fig. S19). 

We propose that the IF1-bound ATP synthase 
tetramer in our structure is an integral function- 
al unit because the subunits in the protomers 
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interact with each other to stabilize the tetramer 
and regulate its function (Fig. 5 and fig. S19). The 
two dimers are linked to each other at six binding 
sites. For binding sites 1 and 6, two IF1 proteins 
form an antiparallel dimer that interacts with 
the F, heads within the mitochondrial matrix. 
Sites 2 to 4 are all above the membrane. Sites 2 
and 4 include the N-terminal loop of subunit k 
and the N-terminal helix of subunit b from two 
adjacent dimers. Site 3 includes two N-terminal 
helices of g subunits from opposite protomers 
within the tetramer, positioned in parallel at the 
center of the structure (Fig. 6A). Site 5 is within 
the inner membrane, where two e subunits inter- 
act with each other (within the membrane), hold- 
ing the tetramer together (Fig. 6B). Beyond these 
direct protein-protein interactions, the cryo-EM 
map clearly shows that there are additional den- 
sities in the membrane region, which we suspect 
may be filled by lipids. 

In the middle region of the two protomers, the 
two curved domains formed by the e and g sub- 
units with the N-terminal helix of subunit b are 
reminiscent of the previously reported BAR do- 
main of the amphiphysin protein (Fig. 6 and fig. 
$19) (11, 49); this BAR domain is able to bend the 
lipid bilayer through its amphipathic o helices. 
The two BAR-like domains in the center of our 
structure also form a dimer (Fig. 6). The mem- 
brane regions are likely bent by the perpendic- 
ular orientation of the ATP synthase dimers 
(fig. S18). 


Discussion 


Although ATP synthase structures from several 
species have been reported after the crystal 
structure of bovine F, subcomplex of ATP syn- 
thase (26), the complete mammalian ATP syn- 
thase structure has not been available. We 
obtained the tetrameric mammalian ATP syn- 
thase bound to IF1 and solved substructures in 
two different rotational states at overall reso- 
lutions of 3.34 and 3.45 A. Among the 30 sub- 
units in total (19 different types), b, k, DAPIT, 
and 6.8PL were differently assigned in our work 
as compared with previous reports (11, 23, 30). 
Alignment of the two rotational states showed 
that the central shaft has rotated around 120° 
but the cg-ring has rotated around 140°. We con- 
clude from this result that torsional energy can 
be distributed over the central shaft and the 
peripheral stalk. 

We identified two proton-pumping half chan- 
nels that are accessible either to the IMS or to the 
matrix. Within the IMS half channel, a”°? points 
to subunit b in our structure rather than subunit 
c as in the yeast structure (fig. S20). The entire 
helix 6 of subunit a in our structure is shifted by 
one residue (one-third of a turn) compared with 
the yeast structure. This difference raises two 
possibilities. First, because we believe our ATP 
synthase may be in an inhibited state, the orien- 
tation of a®?°? pointing to subunit b may be an 
inhibition mechanism to prevent proton trans- 
fer to subunit c. Second, we cannot exclude the 
possibility that conformational change of a®?™ 
is required to pump protons in active state; in 
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this condition, protons are absorbed into the 
membrane on one side of subunit a and expelled 
out of the membrane on the other side of subunit 
a. The conformational change of a””°? could 
transfer protons across subunit a. Further muta- 
tional studies of a®*° are needed to examine the 
function of this residue. 

In the yeast dimer structure, the two proto- 
mers are linked by the long N-terminal loops of 
two a subunits that form an antiparallel B-sheet 
like a railing, and the long C-terminal loops of 


two i/j subunits contact each other. It was also 
proposed that the C-terminal regions of subunit 
k and subunit e can interact with each other in 
the IMS region (12). However, none of these in- 
teractions are evident in porcine ATP synthase. 
In mammals, the N-terminal sequence of subunit 
ais much shorter than in yeast (226 and 249 
amino acids in pig and yeast, respectively), so the 
two a subunits in our structure do not form the 
railing that links the two protomers (figs. S19C 
and S21). Instead, the C-terminal loops of the 


(b)DP-state 


Fig. 5. Overall architecture of the porcine ATP synthase tetramer. (A) Schema of the porcine 
ATP synthase tetramer bound to IF1. (B) Cryo-EM map of the two IF1-linked ATP synthase protomers 
(at 36 contour level). The maps of the extracted E-state and DP-state protomers were put together to 
generate the combined map. (C) Cryo-EM map of the V-shaped ATP synthase dimer (at 30 contour 
level). The combined map was also generated by the extracted protomers. 
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Fig. 6. The sites 
participating in the 
porcine ATP synthase 
tetramer formation. 
(A) Tetramer interaction 
sites viewed from the 
matrix side. High-resolution 
models were fit into the 
tetramer maps with a 
correlation coefficient of 
0.85. (B) View from the 
IMS side. 


DAPIT subunit and subunit f from the opposite 
protomer can form interactions. Presumably, 
the N-terminal helix of subunit k and the loop 
region of subunit g from the opposite protomer 
tend to form interactions (fig. S19C). On the basis 
of the increased variability in the angle between 
protomers in our porcine structure as opposed to 
the rigid structure in yeast (77), the interaction 
between two protomers may be weaker in mam- 
mals. Future functional studies are needed to 
show the relationship between the catalytic state 
of ATP synthase and the angle formed by the 
ATP synthase dimer. 

Our structure suggests that ATP synthase tet- 
ramers can probably be inhibited by at least 
three mechanisms. The first mechanism is in- 
hibition by IF1 protein dimers (fig. S22A). The 
long, stick-shaped IF1 dimer links the F, heads 
of protomers within different dimers, with 
its N-terminal regions inserted into the two 
OppBbpp pairs and contacting the two central y 
subunits (fig. S22A). The second one is inhibition 
of the F; head by tightly bound MgADP (fig. 
S22B). As stated above, all the Bpp and Brp sub- 
units in the tetramer are tightly bound with an 
MgADP without free Pi, so these are in the 
widely recognized noncompetitive ADP-inhibited 
state (14). The third mechanism is inhibition 
by the long a-helical e subunits (fig. S22C). The C 
termini of the four e subunits are bent toward the 
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four Cg-rings in each protomer, which—according 
to our unsharpened cryo-EM map—are able to 
interact with the C-terminal ends of the 6.8PL 
helices that fill the central hole inside the c,-rings 
(fig. S23). We propose that these interactions may 
function as brake pads to block rotation of the ¢g- 
rings in the inhibited state. Further studies are 
needed to confirm the identity of the protein 
within the cg-ring. Whether it is 6.8PL or not, this 
protein could be involved in the regulation of 
ATP synthase activity. 

Comparing the cryo-EM density maps of ATP 
synthase dimers from yeast and our structure 
(fig. S23), it is apparent that the C-termini of 
subunit e adopt different conformations. These 
helices of subunit e are straight in the yeast di- 
meric ATP synthase structure but are severely 
bent in our porcine tetramer structure (fig. S23D). 
The oligomerization of ATP synthase, and thus 
regulation of activity, should be intertwined with 
conformational changes in subunit e. Our assign- 
ment of the other interface subunits reveals in- 
tricate interactions in the tetrameric complex, 
supporting a functional role of this assembly in 
ATP synthase inhibition and suggesting roles 
for many supernumerary subunits with previ- 
ously unknown or uncertain functions. 
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Metastable ferroelectricity 
in optically strained SrTiO; 


T. F. Nova’?*, A. S. Disa’, M. Fechner’, A. Cavalleri?””’?* 


Fluctuating orders in solids are generally considered high-temperature precursors 

of broken symmetry phases. However, in some cases, these fluctuations persist to zero 
temperature and prevent the emergence of long-range order. Strontium titanate (SrTiO3) 
is a quantum paraelectric in which dipolar fluctuations grow upon cooling, although a 
long-range ferroelectric order never sets in. Here, we show that optical excitation of 
lattice vibrations can induce polar order. This metastable polar phase, observed up 

to temperatures exceeding 290 kelvin, persists for hours after the optical pump is 
interrupted. Furthermore, hardening of a low-frequency vibration points to a photoinduced 
ferroelectric phase transition, with a spatial domain distribution suggestive of a 


photoflexoelectric coupling. 


trontium titanate (SrTiO3) is paraelectric 

and centrosymmetric at all temperatures. 

When cooled, it displays many anomalies 

that suggest its proximity to a ferroelectric 

phase, including a large rise in the dielec- 
tric function (J) and softening of a polar mode 
(2). This behavior is often referred to as incipient 
ferroelectricity, with quantum fluctuations of 
the ionic positions preventing long-range order- 
ing (3, 4). The proximity to a ferroelectric phase 
is underscored by the ease with which SrTiO, 
can be made ferroelectric, for example, by Ca- 
substitution [Sr — Ca; Curie Temperature (T,) = 
37 K] (5) or by isotope substitution (““O — 0; 
T, = 25 K) (6). Strain, as shown in the phase 
diagram of Fig. 1, has proven most effective in 
controlling the transition in SrTiOg (7), with re- 
ported ferroelectricity up to room temperature (8). 

Strong lattice deformations can also be achieved 
by irradiation with strong mid-infrared optical 
pulses (see Fig. 1), which can be made resonant 
with a specific lattice vibration in SrTiO3. Non- 
linear phonon excitation (9-17) may induce a 
polar or ferroelectric phase in many ways. For 
example, dynamical softening (72, 13) of the 
polar mode by cubic lattice nonlinearities (14) or 
the generation of transiently induced strain [see 
supplementary text S11 in (75)] may all provide 
routes to creating a ferroelectric order absent at 
equilibrium. 

In the experiments reported here, the highest- 
frequency A», vibrational mode of SrTiO; was 
resonantly excited (at T = 4 K) with femtosecond 
mid-infrared optical pulses tuned to 15-um wave- 
length (83-meV photon energy) derived from a 1- 
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kHz repetition rate Ti:Sapphire laser, an optical 
parametric amplifier, and a difference frequency 
mixing crystal (fig. S1). The optical polariza- 
tion was aligned along the [001] axis of a (110)- 
oriented crystal (Fig. 2A). 

SrTiO; was monitored through second har- 
monic generation (16) of a 2.2-um wavelength 
optical probe pulse, colinear and time-delayed 
with respect to the mid-infrared pump (Fig. 2A). 


As shown in Fig. 2B, a time delay-independent 


Fig. 1. Dynamical A 


ferroelectricity -0.4 


second harmonic signal, absent at equilibrium, 
indicated the appearance of a noncentrosym- 
metric phase after mid-infrared excitation. 

The second harmonic signal was observed to 
accumulate with exposure to mid-infrared radi- 
ation and reach saturation after several minutes, 
with a maximum value determined by the pump 
fluence (30 mJ/cm? for the data of Fig. 2B; see 
fig. S8 and supplementary text S6). As all other 
contributions to the second harmonic were neg- 
ligible, including surface and quadrupole terms 
of the nonlinear susceptibility tensor, this obser- 
vation was a reliable reporter of a photoinduced 
phase with broken inversion symmetry (supple- 
mentary text S3C). 

Structural symmetry information was obtained 
by continuously rotating the incoming 2.2-um 
probe polarization and measuring the 1.1-um 
second harmonic projected along the pseudo- 
cubic [1 -10] and [001] crystallographic direc- 
tions with a second polarizer (Fig. 2C). These 
angular dependences indicate the formation of 
a polarization along the [1 -10] direction and 
are consistent with a (noncentrosymmetric) polar 
point group (C>,) (supplementary text S3B). 

The experiment was performed as a function 
of sample temperature and pump wavelength. 
The induced second harmonic signal was found 
to be maximum at low temperatures but re- 
mained detectable up to room temperature (fig. 
S4 and supplementary text S4 ). In addition, the 
polar state was found to be most efficiently 
created when pumping resonantly with the A», 
phonon, whereas for pump photons in the pro- 
ximity of the 3.2-eV bandgap of SrTiOs, the effect 


Strain (%) 
0.6 


in SrTiO3. Bulk, 
unstrained SrTiO is 
paraelectric at any 
finite temperature. At 
105 K, it undergoes 
an antiferrodistortive 
(AFD) transition from 
cubic to tetragonal, 
although it retains a 
centrosymmetric 
structure. However, 
small amounts of 
strain cause the 
material to undergo 50 
a ferroelectric 
transition. The Curie 
temperature increases 
with growing values 

of applied strain, 
highlighting the para- 
mount role of acoustic 
lattice deformations 

in controlling the 
transition. The strain- 
phase diagram shown 


250 ' 


Paraelectric 


200 }- 


150}- 


100} 


Temperature (K) 


Possible 
ferroelectric 
transition 


AFD transition 


here represents a thermodynamic analysis of the phase transition for a single-domain state, adapted from 
(32). The shaded cartoon explores the possibility of dynamically establishing a ferroelectric phase through 


vibrational excitation. 
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disappeared (Fig. 2A, inset, and supplementary 
text S7). 

The photoinduced phase was found to be 
metastable when unperturbed, relaxing back to 
the nonpolar equilibrium paraelectric phase only 
several hours after the pump was turned off (fig. 
S5). We found that the optically induced polar 
state could be reverted to the paraelectric ground 


Fig. 2. A photoinduced polar state. (A) Sketch 
of the experimental setup. A (110)-oriented 
SrTiO3 sample is coherently excited with tunable 
wavelength pulses (0.8 to 15 um, gray line). 
Time-delayed colinear probe pulses (2.2-um 
wavelength) impinge on the sample, with 

a half-waveplate controlling their polarization. 
The generated second harmonic (1.1 um) is 
detected in transmission geometry. When 
needed, an analyzer (i.e., a polarizer) can be 
used to isolate orthogonal polarization 
components of the second harmonic. For 

a 15-um wavelength pump, the full width at 
half maximum (FWHM) spot size was 72 um. 
The probe was focused down to 52 um 
FWHM. (B) Time delay—independent total 
second harmonic intensity impinging on 

the detector (without analyzer) as a function 
of exposure time to 15-um pump pulses. 

a.u., arbitrary units. (Inset) Pump wavelength 
dependence. The gray dots represent the 
photosusceptibility of the effect, as defined in 
eq. S6.1 (see supplementary text S6 and S7). 
The data are compared with the static 
reflectivity of SrTiO3 (blue line). The low-energy 
reflectivity data (< 0.2 eV) were measured 

by Fourier transform infrared spectroscopy 
(FTIR) with a commercial spectrometer. 

The high-energy data (>1 eV) were adapted 
from (33). (©) Second harmonic intensity 

in the saturated state as a function of 

the probe polarization for two orthogonal 
analyzer configurations. 


Fig. 3. Ferroelectric-like mode-hardening. 
(A) Pump-induced ultrafast modulation 

of the second harmonic intensity as a 
function of the pump-probe delay for 
different exposure times. The increasing 
offset corresponds to the delay-independent 
second harmonic of Fig. 2B. The gray line 
represents a measurement taken without 
mid-infrared pumping. No static second 
harmonic could be detected. (B) Frequency 
of the detected oscillations as a function 

of baseline second harmonic. The blue dots 
represent the frequency at which the 

Fourier spectrum of each ultrafast trace 

is maximum. The solid line is a guide to the eye. 
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state by exposing it to above-bandgap photons 
(>3.2 eV) (fig. S6) or by thermal cycling. 

Figure 3 displays ultrafast measurements of 
the same second harmonic signal discussed above. 
In addition to the time delay-independent back- 
ground shown in Fig. 2, visible as an offset in the 
traces of Fig. 3A, the second harmonic signal 
exhibited ultrafast oscillations that resulted from 


the pump-driven, impulsive, inelastic excitation 
of low-frequency polar modes (see Fig. 3A for 
three representative measurements taken after 
10, 25, and 105 min of illumination). 

The frequency of these oscillations increased 
visibly with the baseline second harmonic, as 
shown more comprehensively in Fig. 3B. The 
detected mode-hardening is reminiscent of the 
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Fig. 4. A bipolar domain structure. (A) Second harmonic spatial dependence. (Left) Second 
harmonic shadow imaging setup. A collimated probe beam (1200 um, much bigger than the 
70-um pump spot) uniformly illuminates the sample. The emitted second harmonic spatial 

profile is recorded with a CMOS camera (details in supplementary text S8). (Right) Measured 

second harmonic spatial dependence. (B) Electrical response. (Left) Electrical currents induced 
in SrTiO3 by successive pump pulses (1-kHz repetition rate). The red and blue traces represent 
measurements taken with the pump impinging closer to the upper and lower contact, 
respectively. (Inset) Sketch of the transport measurements setup. Gold contacts were 
deposited on the sample surface, and the electrical response was recorded in short-circuit 
conditions without any applied bias. TIA, transimpedence amplifier (materials and methods S2). 
(Right) Maximum amplitude of the current pulses as a function of the pump position with 


respect to the contacts (yellow). 


behavior of a ferroelectric soft mode across a 
paraelectric-to-ferroelectric phase transition 
(17-19). 

To determine the spatial distribution of the 
photoinduced polar phase, we repeated the ex- 
periment with a collimated 2.2-um probe beam 
that was made larger than the photoexcited 
spot. The second harmonic shadow of the trans- 
formed volume was projected onto a complemen- 
tary metal-oxide semiconductor camera (Fig. 4A, 
left). Two oval bright regions with a dark area 
in the center were observed (Fig. 4A, right), in- 
dicative of an inhomogeneous polar state. 

This inhomogeneity was further evidenced by 
electrical measurements (materials and methods 
$2). Gold contacts were deposited onto the sam- 
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ple surface, and the optical pump spot was kept 
much smaller (70-um diameter) than the distance 
between the electrodes (1.5 mm). Measurements 
of the pump-induced electrical response were 
conducted under short-circuit conditions, with- 
out any applied bias (inset, Fig. 4B, left). Be- 
cause the optically transformed region was far 
smaller than the gap between the electrodes, and 
because the electrodes themselves were not ir- 
radiated, the only coupling between the light- 
induced polar domains and the external circuit 
was capacitive. The ultrafast response was trans- 
mitted to the external circuit, in the form of short 
bursts of electrical currents at the 1-kHz repeti- 
tion rate of the pump laser (Fig. 4B, left panel, 
red line). 
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The sign and amplitude of these current pulses 
were observed to be dependent on the position of 
the pump beam. No current pulses were detected 
when the pump pulse spot was in the middle of 
the gap (Fig. 4B, right), whereas currents of op- 
posite sign (red and blue, Fig. 4B) were observed 
as the spot was moved toward either of the 
contacts. 

The observations reported in Fig. 4 are indi- 
cative of the creation of two oppositely oriented 
polar domains in the pumped spot, which can be 
understood as follows. 

First, oppositely oriented domains are ex- 
pected to generate second harmonic light with 
equal intensities but with a relative 1 shift in 
their respective optical phases. Hence, as the 
two second harmonic beams propagated toward 
the detector, they destructively interfered in the 
center (Fig. 5C and fig. S11), resulting in the 
observed pattern (Fig. 5B). Second, upon excita- 
tion, each of the two domains is expected to draw 
currents in opposite directions from the electrodes 
because of the induced polarizations. For a pair 
of domains aligned at equal distances from the 
electrodes, no net current is anticipated. How- 
ever, when these are moved in either direction, 
the two capacitances connecting each domain 
to the electrodes would become unequal, draw- 
ing a net current in either direction (Fig. 5D). 

We next turn to a possible explanation for the 
formation of the two domains. We consider the 
dynamical equivalent of the ionic contribution to 
electrostriction. An optically pumped phonon 
mode coordinate Qiz generates prompt stress 
(pressure) o. Only hundreds of picoseconds after 
the femtosecond mid-infrared pulse, the stress is 
expected to evolve into transient strain (supple- 
mentary text S11). According to our estimates, 
pump peak field strengths of 18 MV/cm, pre- 
dicted to induce ionic oscillations of 5-pm am- 
plitude, result in a peak stress of 0.5 GPa. A 0.2% 
upper bound for the resulting transient strain is 
estimated (supplementary text S11). If we con- 
sider a strain profile with the same Gaussian shape 
of the pump beam, the pump-induced strain can 
generate a polarization in two ways. One can 
exclude a direct, strain-induced ferroelectric 
order, which would result in a single domain 
with polarization either up or down (Fig. 5A), 
a homogeneous second harmonic shadow, and 
monopolar current pulses (supplementary text 
$10). Rather, the coupling between the spatial 
gradient of the optical strain and polarization 
(Fig. 5B), arising from the flexoelectric effect 
(20, 21), would result in the creation of two dis- 
tinct, opposing polarizations and would readily 
explain the data of Fig. 4 (see Fig. 5, B to D, and 
supplementary text S10). 

Although photoflexoelectricity appears to be a 
plausible explanation for the transient genera- 
tion of polar domains, this hypothesis does not, 
per se, clarify the accumulation or metastability 
of the ferroelectric state. 

It is possible that an ultrafast photoinduced 
polarization, triggered by the rapid formation 
of surface strain and subsequent flexoelectricity, 
would act on preexisting randomly distributed 
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Fig. 5. Flexoelectric polarizations. (A) Phonon pumping results in a strain profile that follows 

the Gaussian profile of the pump beam (72-um spot size FWHM). The figure depicts how a 

direct strain-induced transition to a ferroelectric monodomain state would look. (B) Inhomogeneous 
strain results in two distinct flexoelectric polarizations of opposite polarity that follow the 

strain gradient. (©) Two opposing polarizations generate antiphase second harmonic optical 

fields that interfere destructively on the CMOS camera (supplementary text S8 and S10). 

(D) The position of the flexoelectric domains with respect to the contacts determines the 
current amplitude and sign (supplementary text S10). 


polar nanoregions (PNRs) (22). These may then 
align along a preferential direction. Owing to the 
transient nature of the aligning field and the 
intrinsically slow response time of the PNR, their 
alignment would only be partial after a single 
pulse. Subsequent pulses may facilitate the growth 
of macroscopic domains over a long incubation 
period, requiring tens of thousands of pulses. 
This hypothesis implies that in between two 
pulses, the induced partial alignment would 
not relax entirely to the unperturbed state—an 
assumption compatible with the known long re- 
laxation times of PNRs (22). 

An alternative explanation starts from photo- 
refractivity (23, 24). Impurity centers, which may 
lie in the energy range of the mid-infrared wave- 
lengths used in this experiment, could be ionized 
concomitantly with the optically induced strain. 
The transient flexoelectric polarizations would 
force such photogenerated charges to slowly dif- 
fuse toward the edge of the excited area, where 
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they eventually get trapped. However, all reported 
observations of photorefractivity take place for 
pump photon energies in the vicinity of the op- 
tical gap. In our experiment, on the contrary, the 
second harmonic signal progressively disappears 
for pump light approaching the optical gap of 
SrTiO. Overall, we regard this second hypoth- 
esis as less likely. 

Our experimental results should motivate a 
new class of optical control experiments that 
rely on the perturbation of SrTiO, in functional 
materials. Because SrTiO; is used commonly as a 
substrate for the growth of oxide heterostruc- 
tures, one could conceive of new ways to drive 
functional properties at interfaces (25, 26)— 
including magnetic, electronic, and even super- 
conducting states. Furthermore, the applicability 
of the optical control of flexoelectric polariza- 
tions extends far beyond the specific case of 
SrTiOs, because flexoelectricity is allowed in mate- 
rials of any symmetry (20, 27). 
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More generally, our findings are a rare exam- 
ple of symmetry breaking by light and can thus 
be considered in the context of other types of 
light-induced phase transitions (27-29) in the 
presence of fluctuating order above the thermo- 
dynamic transition temperature 7., as in the 
case of photoinduced superconductivity (30, 32). 
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Terahertz field-induced 
ferroelectricity in quantum 
paraelectric SrTiO, 


Xian Li’, Tian Qiu”, Jiahao Zhang”, Edoardo Baldini*, Jian Lu’*, 


Andrew M. Rappe”’, Keith A. Nelson"t{ 


“Hidden phases” are metastable collective states of matter that are typically not 
accessible on equilibrium phase diagrams. These phases can host exotic properties 

in otherwise conventional materials and hence may enable novel functionality and 
applications, but their discovery and access are still in early stages. Using intense terahertz 
electric field excitation, we found that an ultrafast phase transition into a hidden 
ferroelectric phase can be dynamically induced in quantum paraelectric strontium titanate 
(SrTiO3). The induced lowering in crystal symmetry yields substantial changes in the 


phonon excitation spectra. Our results demo 


nstrate collective coherent control over 


material structure, in which a single-cycle field drives ions along the microscopic pathway 
leading directly to their locations in a new crystalline phase on an ultrafast time scale. 


n recent years, important advances have been 
made in the search for materials with com- 
plex multiphase landscapes that host pho- 
toinduced metastable collective states, or 
“hidden phases.” These phases are rarely 
accessible on equilibrium phase diagrams and 
may persist long after the external stimuli that 
induced them have ceased. Recent experiments 
(1-6) have illustrated some of the possibilities 
and expanded our understanding of nonequilib- 


Fig. 1. Hidden ferroelectric phase 

accessed through THz field excitation. 

(A) Collective coherent control over 

material structure. A single-cycle THz- 
frequency electric field moves all the ions 

it encounters toward their positions in 

a new crystalline phase. In STO, the initial 
high-symmetry configuration around each 

Ti** ion has no dipole moment and the 

crystal is paraelectric. The incident field 

drives the “soft” lattice vibrational mode, 
moving the ions along the directions 

indicated into a lower-symmetry geome- 

try with a dipole moment. Long-range 
ordering of dipole moments in the same B 
direction yields a FE crystalline phase. 
(B) Experimental setup. THz field— 
induced lowering of the STO crystal 
symmetry is observed using 800-nm 
probe pulses that are partially depolarized 
(terahertz Kerr effect, or TKE) and which 
are partially converted to the second 
harmonic frequency (THz field—induced 
second harmonic, or TFISH). STO crystal 
cut is (100). The 800-nm probe pulses 
are polarized at 45° relative to the vertical 
THz polarization in the TKE experiments 
and O° in the TFISH experiments, 
respectively. The reflected 400-nm signal 
is not polarization-resolved. DM, dichroic 
mirror; PMT, photomultiplier tube. 
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800 nm 
probe pulse 


rium material properties and dynamics. In some 
cases, ultrafast resonant excitation of crystal 
lattice vibrations (phonons) has played the key 
role in reaching hidden metallic and supercon- 
ducting phases (1, 2). Here, we extend this capa- 
bility in the discovery of a hidden ferroelectric 
(FE) phase in the paradigmatic material SrTiO, 
(STO). We accessed the hidden phase by selec- 
tively exciting the “soft” phonon mode that serves 
as a collective reaction coordinate along which 


Paraelectric 


5% 


S 


DM ~W.. 


400 nm second 
harmonic signal 


PMT 


Coherent Motion 


ions move from their initial positions toward 
their positions in the new phase (Fig. 1). The 
resulting ultrafast control over ferroelectricity 
may find rich applications in memory devices 
(7), STO-based heterostructures (8), and high-T, 
superconductivity (9, 10). In other recent experi- 
ments (11), ionic displacements along soft-mode 
coordinates have been driven through nonlinear 
coupling between the soft modes and other pho- 
non modes that were excited by long-wavelength 
infrared pulses. In the present case, we excite the 
soft mode directly, using a terahertz (THz) light 
field to move the ions into their positions in the 
incipient crystalline phase. This case was fore- 
shadowed by molecular dynamics (MD) simu- 
lations of THz field-induced switching between 
different FE domain orientations, a closely related 
type of “collective coherent control” (72). 

STO is a widely used dielectric material that 
has a cubic perovskite structure at room temper- 
ature. Many members of this crystal family (e.g., 
PbTiO) undergo transitions into FE phases in 
which the transition metal ions occupy positions 
that are displaced from the unit cell center so 
that the material has a macroscopic electric 
polarization. The collective pathway between 
the cubic, paraelectric phase and the FE phase 
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involves motions of the ions along the soft phonon 
coordinate illustrated in Fig. 1A. In contrast, 
upon reduction of the temperature to 105 K, STO 
undergoes an antiferrodistortive (AFD) struc- 
tural phase transition into a second paraelectric 
phase of tetragonal symmetry (13, 14). Further 
cooling reveals mode softening (decrease in fre- 
quency w) in the usual Curie-Weiss form w ~ 
(T- T.)”? with critical temperature 7, = 36 K (15), 
but at such a low temperature, the zero-point 
quantum uncertainties in ion positions prevent 
long-range FE ordering of their locations. Thus, 
STO is a textbook example of a so-called quantum 
paraelectric (QPE) phase (75), in which dipole 
correlation lengths do not extend beyond nano- 
meter length scales (J6). Recently, studies have 
shown that the QPE state in STO is a result of a 
more complex competition among three driving 


forces (17, 18): quantum fluctuations, AFD struc- 
tural distortions (rotations of neighboring oxygen 
octahedra in opposite directions), and ferroelectric 
ordering. As a result, even subtle perturbations 
such as '°O isotope substitution (19) are able to 
turn STO ferroelectric. 

Here, we show that intense coherent THz exci- 
tation of the FE soft modes in STO can lead to 
highly nonlinear phonon responses that over- 
come the quantum fluctuations and yield clear 
signatures of an ultrafast QPE-to-FE phase tran- 
sition. The observed signals reveal a substantial 
rise in ferroelectric ordering and restructuring of 
phonon spectra beyond a threshold THz field 
strength, indicating the emergence of the collec- 
tive FE phase. 

We carried out two complementary experi- 
ments with single-cycle THz pump pulses and 


time-delayed optical probe pulses (Fig. 1B). THz 
field-induced second harmonic (TFISH) gener- 
ation spectroscopy (20) was conducted to observe 
signals that arise from inversion-symmetry break- 
ing due to coherent soft-mode lattice vibrational 
motion away from the initially centrosymmetric 
structure of the QPE phase. THz field-induced 
optical birefringence (THz Kerr effect, or TKE) 
spectroscopy (21) was performed to characterize 
Raman-active phonon responses that were driven 
nonlinearly by the THz-initiated soft-mode lattice 
vibrations. Figure 2 shows TFISH measurement 
results from STO and their Fourier transforms at 
several temperatures and THz field amplitudes. 
At temperatures above 30 K, a single mode that 
softens with decreasing temperature, consistent 
with the FE soft mode, is observed (fig. S6) (14, 22). 


The coherent vibrational displacements in either 
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Fig. 2. STO symmetry breaking measured by optical second harmonic 
generation (TFISH). (A and B) Temperature-dependent TFISH signals 
recorded at 550 kV/cm field amplitude from STO (A) and their Fourier 
transforms (B). The FE soft mode is observed above 30 K, and new phonon 
peaks as well as nonoscillatory signals appear at lower temperatures. 

(C and D) Tt field strength—dependent TFISH signals measured at 5 K (C) 


Frequency (THz) 


Delay time (ps) 


Frequency (THz) 


and their Fourier transforms (D). Signals at low field strengths are magnified by 
the amounts indicated in (D) for better visibility. Pronounced changes in the 
nonoscillatory signal components and the phonon spectra occur when the 
THz field level is increased above 340 kV/cm. The numerical first derivatives of 
the time-domain signals were calculated before Fourier transformation to 
reduce the relative amplitude of the nonoscillatory components. 
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components. At temper- 
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atures of 60 K and above (22), no oscillatory signal is observed after THz excitation. The 1.3-THz peak and additional low-frequency modes appear at 
low temperatures. (C) THz field strength dependence of the TKE spectra at 10 K. New peaks grow in sharply as the THz field level is increased from 470 to 
630 kV/cm. Inset: Quadratic fit to the 1.3-THz Aig mode. The 0.8-THz mode shows faster than quadratic scaling in the THz field strength. 
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Fig. 4. MD simulation of response to STO THz excitation. (A) The peak global polarization 
induced by excitation with a THz field along different crystallographic axes. A threshold electric field 
amplitude of about 300 kV/cm is needed in order to fully polarize the crystal. (B) MD simulation 
trajectory projection onto different vibrational mode coordinates. The FE soft-mode response is 
driven directly and peaks at the same time as the z-polarized THz field (dashed vertical line). The 
antiferrodistortive (AFD) modes are driven through coupling to the FE soft mode and reach their 
maximum displacements after a delay. A steady-state AFD mode displacement (dashed green line 
shows time-averaged value) as well as FE soft-mode displacement remain well after the THz driving 


field has ceased. 


direction break the symmetry, resulting in optical 
second harmonic signals that oscillate at twice 
the soft-mode frequency. There is also a non- 
oscillatory signal component due to THz-induced 
orientation of dipoles, whose decay becomes 
slower as T is reduced because of the increasing 
dipolar correlation (23). In the QPE phase at T < 
36 K, two features in the signals change sub- 
stantially at high THz field amplitudes: (i) The 
nonoscillatory signal component grows in a 
highly nonlinear fashion as a function of the field 
strength, which indicates a pronounced growth 
in the extent of steady-state (nonoscillatory) di- 
pole ordering (24); (ii) additional phonon signa- 
tures appear with amplitudes that also increase 
in a highly nonlinear fashion with THz field 
strength. These features reveal additional ionic 
displacements that take place as the FE crystal 
structure is formed. At soft-mode amplitudes 
sufficient to reach the new phase, collective dis- 
placements of other phonon modes (coupled 
nonlinearly to the soft mode) are induced. The 
THz-induced ordered structure is noncentro- 
symmetric, so oscillations about this structure 
produce changes in the second harmonic signal 
level that oscillate at the phonon frequencies, not 
twice the frequencies. It is noteworthy that the 
three distinct low-frequency peaks in the TFISH 
response at high field strength harden gradually 
as Tis reduced (fig. S9), as is known to occur for 
the soft modes in SrTi'*O, below its FE phase 
transition temperature (19). It is likely that we 
are observing these modes, with frequencies 
altered slightly as a result of the nonequilibrium 
transient crystal structure in which we are ob- 
serving them, and that their sharp onset at high 
fields indicates their displacements associated 
with the FE crystal structure. We also observe a 
broad phonon feature at 1.3 THz whose fre- 
quency does not appear to change with tempera- 
ture and whose signal strength does not increase 
as sharply as the lower-frequency peaks. We be- 
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lieve this behavior to be consistent with a Raman- 
active A, mode (we retain the “A,” label even 
though the crystal symmetry has been changed; 
fig. SIB shows the AFD mode coordinate) (25) 
that is coupled anharmonically to the soft mode. 
Similar nonlinear coupling has been observed in 
room-temperature STO using femtosecond x-ray 
diffraction (26). 

Figure 3 shows TKE data recorded at several 
sample temperatures and THz field strengths. 
Although the optical and THz pulses propagate 
with very different velocities in STO (21, 27), the 
strong THz absorption (28) ensures that this does 
not affect the time-dependent signals. At high 
temperatures (Fig. 3A), only nonoscillatory signals 
are observed. Unlike such signals in the TFISH 
data, these signals show only weakly 7-dependent 
decay kinetics and they do not increase substan- 
tially as functions of either temperature or THz 
field amplitude (figs. S7 and S8). They are asso- 
ciated with dipole alignment rather than FE 
orientation or polarity (22). We also observe the 
Ajg mode at 1.3 THz, which increases quadrat- 
ically with THz field strength, indicating ordi- 
nary anharmonic coupling to the FE soft mode 
as suggested above. By far most striking is the 
emergence of several low-frequency phonon fea- 
tures whose strengths depend in a highly non- 
linear fashion on the THz field strength, clearly 
similar to what we observed in TFISH measure- 
ments. We conclude from all the experimental 
evidence that at sufficiently large soft-mode 
amplitudes, an ultrafast FE phase transition is 
triggered. The strong nonoscillatory TFISH sig- 
nals reveal the associated increase in FE order- 
ing. The modes that grow in sharply as the THz 
field amplitude is increased reveal collective dis- 
placements of ions along multiple vibrational 
modes that are coupled nonlinearly to the soft 
mode and also reveal the change in lattice sym- 
metry. It has been suggested that excitation 
of the Raman modes may provide constructive 


feedback to the FE soft mode that drives them 
by disrupting the balance between AFD and FE 
structural distortions (17, 18, 29), thereby dy- 
namically destabilizing the paraelectric ground 
state on a multidimensional energy landscape. 

To reach a clearer understanding of THz- 
induced effects, we conducted classical MD simu- 
lations for a supercell of 20 x 20 x 20 unit cells in 
an isothermal-isobaric ensemble, with the inter- 
atomic interaction described by the bond valence 
model and with external pressure applied (22). 
For each MD simulation, the system was first 
relaxed for 100 ps to reach equilibrium at 5 K, 
and then a Gaussian-profile electric field pulse 
(duration 0.66 ps, full width at half maximum) 
was applied in either the zg or x crystallographic 
direction. Trajectories of the system were col- 
lected for 50 ps, with the electric field reaching 
its maximum at 11.5 ps. To evaluate whether the 
electric field could induce ferroelectricity in STO, 
we performed simulations with different field 
amplitudes, and in each case we calculated the 
global polarization of the system from the col- 
lected trajectories. As shown in Fig. 4A, the in- 
duced polarization rises sharply over a narrow 
range of applied field amplitudes, saturating 
at around 300 kV/cm along both the w and z 
directions. The important result of the simula- 
tions is the confirmation that a single-cycle THz 
field can induce a substantial global FE polar- 
ization when the field is above a threshold level 
on the order of 200 kV/cm. By calculating the 
projections of the MD simulation trajectory along 
different lattice vibrational mode coordinates, we 
also confirmed that the key displacements occur 
along the FE soft mode and the coupled AFD 
mode coordinates [see (22) for details of the mode 
assignments], whose calculated time-dependent 
responses are shown in Fig. 4B. The soft-mode 
response is driven directly by the THz field and 
reaches its peak at the same time as the peak 
field. The AFD modes are driven indirectly 
through their anharmonic coupling to the FE 
soft mode, and their peak displacements are 
delayed as a result. The soft mode and the AFD 
modes show steady-state displacements that 
persist well after the THz field is gone, indi- 
cating relaxation of the coupled system into the 
FE structure. 

The experimental data and MD simulations 
together demonstrate a THz-induced ultrafast 
QPE-to-FE phase transition in STO. The THz field 
drives the soft mode, and additional coupled- 
mode displacements occur to reach the FE struc- 
ture. Our results demonstrate collective coherent 
control of material structure that may be applica- 
ble to a wide range of classical and quantum phase 
transitions in which soft phonon modes play key 
roles in the collective structural transformations. 
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Long-duration hippocampal 
sharp wave ripples improve memory 


Antonio Fernandez-Ruiz’*, Azahara Oliva’*, Eliezyer Fermino de Oliveira’, 
Florbela Rocha-Almeida’™, David Tingley’, Gyérgy Buzsaki?>+ 


Hippocampal sharp wave ripples (SPW-Rs) have been hypothesized as a mechanism for 
memory consolidation and action planning. The duration of ripples shows a skewed 
distribution with a minority of long-duration events. We discovered that long-duration 
ripples are increased in situations demanding memory in rats. Prolongation of 
spontaneously occurring ripples by optogenetic stimulation, but not randomly induced 
ripples, increased memory during maze learning. The neuronal content of randomly 
induced ripples was similar to short-duration spontaneous ripples and contained little 
spatial information. The spike content of the optogenetically prolonged ripples was biased 
by the ongoing, naturally initiated neuronal sequences. Prolonged ripples recruited new 
neurons that represented either arm of the maze. Long-duration hippocampal SPW-Rs 
replaying large parts of planned routes are critical for memory. 


harp wave ripples (SPW-Rs) in the hippo- 

campus are considered a key mechanism 

for memory consolidation and action plan- 

ning (1-17). SPW-Rs are composed of the 

sharp wave, a negative polarity deflection 
in the CA1 apical dendritic layer, which reflects 
the magnitude of the CA3 excitatory input, and 
the ripple, a short-lived fast oscillatory pattern 
(140 to 200 Hz) of the local field potential (LFP) 
in the CA1 pyramidal layer (1, 18-20). The dura- 
tion of ripples exhibited a skewed distribution 
(Fig. 1, A to C). A minority of long-duration 
ripples was interspersed among a majority of 
short- and intermediate-duration events (9, 11). 
We hypothesized that long-duration ripples are 
related to mnemonic demand and, therefore, ex- 
amined ripple statistics across a variety of tasks 
in rats. The duration of ripples that occurred 
during immobility periods on a novel maze was 
longer (Fig. 1B) (P < 10°; rank-sum test; n = 14 
rats), the fraction of long ripples (>100 ms) was 
increased (P < 10°; rank-sum test), and the pro- 
portion of ripple doublets and triplets increased 
significantly compared with ripples on a familiar 
maze in the same animals (P < 10°? and 10°°; 
rank-sum test) (fig. S1). In addition, the duration of 
awake ripples in tasks requiring memory (T-maze 
and M-maze delayed alternation, cheeseboard 
maze) was longer compared with tasks without 
a memory-demand requirement (open field 
exploration, linear or circular track running) 
(Fig. 1C) (P < 10°°°), as were both the proportion 
of long ripples (P < 10°’) and the proportion of 


1New York University Neuroscience Institute, New York 
University, New York, NY 10016, USA. Department of 
Neuroscience and Zuckerman Mind Brain Behavior Institute, 
Columbia University, New York, NY 10027, USA. °Center for 
Mathematics, Computing and Cognition, Universidade 
Federal do ABC, Sao Bernardo do Campo, Sao Paulo, Brazil. 
‘Division of Neurosciences, University Pablo de Olavide, 
41013 Seville, Spain. °Center for Neural Science, New York 
University, New York, NY 10016, USA. 

*These authors contributed equally to this work. 
tCorresponding author. Email: gyorgy.buzsaki@nyumc.org 


Fernandez-Ruiz et al., Science 364, 1082-1086 (2019) 


ripple doublets and triplets (fig. S1) (P < 107° 
and 107°). Correct trials in the M-maze were 
associated with significantly longer ripples com- 
pared with error trials (Fig. 1D) (P < 10° for 
correct versus error trials in the same session; 
sign-rank test), and both ripple duration and 
proportion of long ripples decreased as learning 
progressed (fig. S2) (P < 0.001 and 0.05, Kruskal- 
Wallis test). In contrast, the frequency and am- 
plitude of ripples were largely similar across 
conditions (fig. S1). These observations suggest 
that the hippocampus generates longer-duration 
ripple events when memory demands are high. 
Next, we examined the neuronal mechanisms 
underlying the differences between short (<100 ms) 
and long-duration (>100 ms) ripples. Confirming 
the LFP measures, the spiking activity of both 
putative pyramidal cells and putative interneurons 
during ripples lasted longer in a novel environ- 
ment (compared with a familiar one) and in 
memory tasks (compared with nonmemory tasks) 
(fig. S1) (P < 0.01 and 0.001; rank-sum test; 2 = 11 
and 19 rats, respectively). The baseline firing rate of 
single neurons, calculated from the entire sleep- 
wake session, was positively correlated with the 
neuron’s participation probability in SPW-Rs (Fig. 
IE) (P< 10° and 10 -*?; Pearson’s correlation; for 
n = 3080 CAI pyramidal cells and n = 508 inter- 
neurons in 19 rats). The average rank order of a 
neuron’s within-ripple sequence negatively cor- 
related with that neuron’s baseline firing rate 
(Fig. IF) (P < 10 * and 10°?) and its participation 
probability in SPW-Rs (Fig. 1G) (P< 10°’ and 10 ™). 
Longer-duration ripples were characterized by 
the recruitment of more CAI neurons with lower 
baseline firing rates (Fig. 1H) (P < 10 and 10”). 
To test the hypothesis that longer ripples are 
beneficial for memory, we optogenetically pro- 
longed them. We virally expressed channelrho- 
dopsin 2 (ChR2) in dorsal CA1 pyramidal cells 
bilaterally (Fig. 2A and fig. S3). At 3 weeks after 
virus injection, we implanted recording elec- 
trodes in area CA1 and placed optic fibers above 
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the pyramidal layer (three per hemisphere along 
the septotemporal axis) (Fig. 2B). Before be- 
havioral testing, the magnitude of optogenetic 
stimulation was adjusted to induce ripple-like 
oscillations with similar frequency and duration 
to spontaneously occurring ripples (Fig. 2C and 
fig. S4) (18, 21). To prolong spontaneous ripples, 
online detection of ripples (fig. S5) triggered a 
tapered-onset 100-ms-long light stimulus (Fig. 2C), 
which approximately doubled the duration of each 
ripple and associated neuronal firing (Fig. 2, D and 
E, and fig. $4) (P < 10 *° for ripple duration and 
P< 10” for pyramidal cell firing in spontaneous 
and prolonged ripples; rank-sum test). In con- 
trol sessions, optogenetic stimulation followed 
the ripple by a random delay (400 to 1000 ms) 
(Fig. 2C). 

We tested the consequence of closed-loop 
ripple prolongation on memory performance in 
a hippocampus-dependent M-maze task (Fig. 3A) 
(22). Rats were rewarded on the M-maze each time 
they visited the end of one of the three maze arms 
in the correct task sequence (center-left-center- 
right-center, and so on) (Fig. 3A). This task has 
two parts: In the “outbound” alternation part, 
the rat starts in the central arm and, after a 20-s 
delay, must chose the side arm opposite the most 
recently visited one to receive a sugar-water re- 
ward (7). In the “inbound” part, the rat has to 
return to the center arm from either of the side 
arms without a delay. The outbound component 
of the task has been shown to be impaired with 
SPW-R disruption but not the inbound part (7). 
The effect of closed-loop elongation of ripples on 
memory performance was compared to two con- 
trol conditions: sessions in which optogenetic 
stimulation was delivered at randomly delayed 
intervals (Fig. 2C) after the detected ripple 
(“random” condition) and sessions with a “no- 
stimulation” control condition. Two sessions 
(30 min each) were conducted on each of 10 days 
(a.m. and p.m.), comparing two conditions in a 
given cohort (ripple prolongation versus no stim- 
ulation or random stimulation, and random stim- 
ulation versus no stimulation; five rats in each of 
three cohorts, plus another “sham” cohort of five 
rats with no stimulation) (fig. S7C). The majority 
of both short and long ripples occurred in the 
delay period, followed by the reward-side areas 
(Fig. 3B and fig. S6). Because performance of the 
no-stimulation and sham groups did not differ 
(fig. S6C) [P > 0.05; repeated measures analysis 
of variance (ANOVA); main effect of group], sub- 
jects were combined into a single no-stimulation 
control group. Closed-loop ripple prolongation 
significantly increased performance on the out- 
bound component of the task when compared 
with no-stimulation or random-stimulation con- 
trols (Fig. 3C) (main effect of group; P < 10°; 
repeated measures ANOVA), whereas no differ- 
ence was found between the no-stimulation and 
random-stimulation sessions (P > 0.05) (fig. S7C). 
These differences were present both when com- 
paring all animals per condition across days (Fig. 
3C) and different conditions in the same animal 
and day (figs. S7 and S8). The number of days 
to reach the 80% correct choice criterion was 
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Fig. 1. Longer-duration waking SPW-Rs occur more frequently under 
increased memory demand. (A) Examples of short (top) and long 
(bottom) SPW-Rs during waking state. pyr, pyramidal; rad, stratum radiatum. 
(B) Distribution of the durations of SPW-Rs in familiar and novel environ- 
ments (n = 16,732 and 7495 SPW-Rs, respectively, from 14 rats). Dashed 
lines indicate medians. The fraction of long SPW-Rs (>100 ms, indicated 
with an arrow) is shown in the right panel. ***P < 0.001; rank-sum test. 
(C) Distribution of the durations of SPW-Rs and the fraction of long 
SPW-Rs in memory-demanding and nonmemory tasks (see supplementary 
materials and methods) (n = 33,690 and 31,637 SPW-Rs, respectively, 


Fig. 2. Closed-loop optogenetic prolongation of ripples. 
(A) CamKIl-ChR2-EYFP expression (green) in the dorsal 
hippocampus. Blue is 4’,6-diamidino-2-phenylindole 
(DAPI) staining. Orange circles show electrode tracks. 
Scale bar, 1 mm. (B) Three optic fibers and silicon 

probe arrays were implanted above the dorsal-posterior 
CAI pyramidal layer. (Inset) Detail of silicon probe 

tips. (©) Examples of closed loop—prolonged ripple 
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from 31 rats). (D) Proportion of SPW-Rs >100 ms in the delay box of the 
M-maze prior to correct versus error trials (ratio per session; n = 45 sessions 
from 10 rats). (E) Correlation between the baseline firing rate and mean 
participation probability in SPW-Rs for CA1 pyramidal cells (P < 10°?°) and 
interneurons (int) (P < 10-®). (F) Correlation between the baseline firing rate 
and the mean rank order in SPW-Rs (pyr, P < 10°: int, P < 10°). 

(G) Correlation between the mean participation probability and the mean 
rank order in SPW-Rs (pyr, P < 107°: int, P < 10°°°). (H) Firing rate as a 
function of that neuron’s probability of firing in long versus short SPW-Rs 
[(long — short)/(long + short)] (pyr, P < 10°°°; int, P < 10°9). 


(left) and induced ripple at a random delay after the c prolonged random 
SPW-R (right). Blue shading indicates duration of 
light activation (100 ms). Sharp wave is absent 
in stratum radiatum (str. radiatum) during CA‘pyr 
optogenetic stimulation. (D) Distribution of ripple 
durations in no-stimulation, ripple-prolongation, 
and random-stimulation sessions (n = 10 sessions str. 
of each type from 10 rats). (E) Z-scored firing + SEM faciaturn 50 ms 100 ms 
rates of pyramidal neurons during spontaneous 
and induced ripples (n = 1116 units for prolonged 
and spontaneous ripples and n = 705 for random D moar E 10 
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Fig. 3. Ripple prolongation improves memory. (A) Schematic of the 
M-maze task. Red dot, reward area; blue square, start area (20-s delay). 

(B) Distribution of SPW-R occurrence in the M-maze (n = 33,179 SPW-Rs from 
10 rats). (C and D) Fraction of correct trials (mean + SEM) in the M-maze 
task during outbound (C) and inbound (D) runs in no-stimulation, ripple- 
prolongation, and random-stimulation sessions (total of 20 rats). ***P < 0.001; 


reached significantly earlier in the closed-loop 
condition when compared with either the no- 
stimulation or random-stimulation conditions 
(Fig. 3F) (P < 0.05; rank-sum test). Ripple pro- 
longation had no impact on the inbound com- 
ponent of the task (Fig. 3, D to F) (main effect 
of group; P > 0.05; repeated-measures ANOVA). 
The number of ripples per session, the number 
of trials in the 30-min sessions, mean running 
speed, theta frequency, and theta/delta band 
ratio did not significantly differ across the dif- 
ferent groups (fig. S6). 

In five of the AAV-CaMKII-ChR2-injected rats, 
we tested how truncation of SPW-Rs affected 
performance after a 1-week rest period. Short- 
duration (10 ms), high-intensity pulses were used 
to abort ripples. Preventing the occurrence of long- 
duration ripples resulted in significant deterio- 
ration of performance in the outbound, but not 
inbound, trials compared with random-stimulation 
controls (fig. S9), similar to results obtained with 
electrical disruption of ripples (7). 

Searching for a physiological mechanism of the 
memory-improving effect of elongated ripples, 
we compared properties of neurons during spon- 
taneous SPW-Rs with those recruited by optoge- 
netic stimulation. The participating neurons active 
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in spontaneous and optogenetically prolonged 
ripples were similar, as demonstrated by the sig- 
nificant correlations of the ripple-participation 
index (i.e., the probability to fire within ripples) 
[spontaneous versus random, P < 10-** and 10-*° 
for pyramidal cells and interneurons (Fig. 4A); 
spontaneous versus prolonged, P < 10°” and 10°” 
(Fig. 4B)] and firing rates between conditions 
(fig. S11) (8). Within an elongated ripple, a given 
pyramidal cell typically fired either in the early 
(spontaneous) or the optogenetically prolonged 
(late) part of the ripple (Fig. 4C) (0.51 + 0.01 and 
0.43 + 0.01 fractions) but rarely in both parts 
(0.06 + 0.03%; P < 10°: sign-rank test). The 
diversity of neurons (fraction of different cells 
participating) in prolonged ripples was thus sig- 
nificantly higher compared with randomly in- 
duced ripples and spontaneous short ones (Fig. 
4D) (P < 10°©° and 10°!; rank-sum test). Fast 
firing neurons tended to fire in the early part of 
the prolonged ripples, whereas neurons added 
to the ongoing sequence in the prolonged part 
were recruited mainly from the lower firing rate 
population (Fig. 4, E and F) (P < 10°° and 10° 
for pyramidal cells and interneurons, respectively). 
In addition, in prolonged ripples, a larger pro- 
portion of neurons had place fields on the maze 
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Tukey's post-hoc test. n.s., not significant. (E) Performance ratios for the same 
day and animal for ripple-prolongation versus no-stimulation sessions, ripple- 
prolongation versus random-stimulation sessions, or random-stimulation 
versus no-stimulation sessions in all animals (n = 20). ***P < 0.001; two-sided 
Wilcoxon signed-rank test. (F) Session number in which animals reached 
performance criterion of 80% correct trials. *P < 0.05; rank-sum test. 


compared with spontaneous or random ripples 
(P < 0.01 and 0.001; rank-sum test). Pyramidal 
cells recruited in prolonged and spontaneously 
long SPW-Rs also contained more spatial infor- 
mation and were more spatially selective and 
less sparse than those in short SPW-Rs and 
randomly induced ripples (fig. S12). Closed loop- 
prolonged ripples are thus not simply the sum- 
mation of spontaneous and randomly induced 
events but reflect a recruitment of a different 
population of neurons with relevant spatial in- 
formation, reminiscent of the more diverse neu- 
ronal population of long-duration spontaneous 
ripple events (Fig. 4D) (short versus long sponta- 
neous ripples; P < 107!) (figs. S10 to $12). 

We examined the relationship between spike 
content of ripples and place-related firing in 
the maze. First, we considered place cells that 
had the highest participation probability (first 
quartile) in either the early or late parts of the 
different types of ripples (spontaneous short, 
spontaneous long, prolonged, and random) and 
plotted the distribution of their place fields on 
the maze. Neurons that preferred to fire in the 
late part of spontaneously long or prolonged 
ripples had more place fields on the side arms of 
the maze and fewer in the center arm during 
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Fig. 4. Spontaneously long and optogenetically prolonged ripples 
contain more-diverse task-related activity. (A and B) Correlation of 
neuron participation probability between spontaneous and random 
delay—induced ripples (A) and between spontaneous and prolonged 
ripples (B). (C) Probability of firing in the early-only, late-only, 

or both parts of prolonged ripples. ***P < 0.001; sign-rank test. 

(D) Distribution of the fraction of all recorded neurons participating in 
each ripple type. Short and long (>100 ms) spontaneous SPW-Rs 
were analyzed separately. **P < 0.01; ***P < 0.001; rank-sum 

test. (E) Firing rate as a function of that neuron’s probability of 

firing in the spontaneous versus closed loop—prolonged part of the 
ripple (P < 10~’). Only cells with participation probability of at least 
0.05 were included. (F) Baseline firing rate of neurons with maximum 
participation in the spontaneous and closed loop—prolonged parts 

of the ripple. **P < 0.001; rank-sum test. (G) Example replay sequence 
of travel trajectory during a prolonged ripple. Neurons representing 


outbound travels compared with cells that fired 
in the early part (Fig. 4H). Second, we identified 
neurons with side arm-unique place fields dur- 
ing outbound travels and calculated their spike 
occurrence in the first and second halves of 
spontaneous and induced ripples. Side arm- 
unique place cells fired at higher probability 
during the second part of closed loop-prolonged 
and spontaneous long ripples (Fig. 41) (P < 0.01 
and 0.001; sign-rank test) but not during spon- 
taneous short or random-delay optogenetically 
induced ripples (P > 0.05). There was an in- 
verse correlation between place cells active in 
the left or right side arm in different ripples. 
During both spontaneous and prolonged ripples, 
the likelihood of neurons encoding the same side 
arms firing together was higher than that of neu- 
rons encoding opposite arms (Fig. 4J) (P < 10* 
and 10°; rank-sum test). The difference between 
these likelihoods was significantly lower for 
random ripples (P < 0.05 and 0.05 for spontane- 
ous and prolonged against random ripples; rank- 
sum test). When we compared spikes occurring 
in the spontaneous and optogenetically prolonged 
parts of closed loop-induced ripples, the cross- 
correlation was significantly stronger for neurons 
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representing the same side arms than those 
representing opposite side arms (Fig. 4K) (P < 
0.05; sign-rank test) and was similar to sponta- 
neous SPW-Rs (fig. S12). 

Our findings demonstrate that a simple mea- 
sure, such as the duration of SPW-Rs, can provide 
valuable information about the underlying neu- 
ronal computations. Learning and correct recall 
in spatial memory tasks were associated with 
extended SPW-Rs (Fig. 1). Closed-loop optoge- 
netic prolongation of CA1 ripples improved 
working memory performance (Fig. 3), whereas 
aborting the late part of ripples decreased per- 
formance (7). Prolongation of CA1 ripples did 
not induce repeated spiking of the already ac- 
tive neurons but instead recruited spikes from 
the low-firing population of pyramidal cells and 
increased the diversity of the participating neu- 
rons. Neurons recruited during the artificially 
elongated portion of ripples had place fields pref- 
erentially in the side arms of the maze (Fig. 4). 
This feature of the optogenetically prolonged rip- 
ples resembled those in spontaneous long ripple 
events. In contrast, randomly induced ripples re- 
cruited largely the same neurons as in short spon- 
taneous ripples (18) (Fig. 4). We hypothesize that 
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the central and side arms fire mainly during the spontaneous 

and prolonged parts of the ripple, respectively. Ellipsoids indicate 
pyramidal cells; squares indicate interneurons. (H) Distribution 

of place fields of neurons with higher participation probability 

in either the early or late part of different types of ripples. P values 
correspond to Fisher's exact test. (1) Proportion of place cells 

with side arm-specific fields that fired with higher probability in 
either the first or the second part of ripples. ***P > 0.001; 
rank-sum test. (J) Differences of spike cross-correlations between 
z-scored firing rates of neurons representing the same or 
different side arms during ripples (P < 0.05 between spontaneous 
and prolonged ripples versus random ones; rank-sum test). 

(K) Cross-correlations between neurons’ z-scored firing rates 

in the spontaneous and induced parts of prolonged ripples, 
shown separately for neurons representing the same or different 
side arms (P < 0.05; signed-rank test). 


the neuronal trajectory of optogenetically in- 
duced events depends on the contemporaneous 
brain state (Fig. 4, D and E) (13, 23, 24), with 
SPW-Rs and inter-SPW-R periods referring to 
different network states. Once a trajectory has 
been selected at the onset of a SPW-R, artificial 
recruitment of additional neurons via optoge- 
netic perturbation is constrained by the attrac- 
tor dynamic of the CAl network (11, 25). This 
observation supports the idea that CA1 neuronal 
sequences are computed locally in CAI (78, 26) 
rather than being fully inherited from upstream 
regions (J, 11, 27). Alternatively, SPW-Rs are em- 
bedded in larger networks, including entorhinal 
and neocortical areas (21, 28-30), and the dif- 
ferential effects of closed-loop and random stim- 
ulation might be determined by the network 
state in areas upstream from CA1. In either case, 
diversification of neurons, covering large segments 
of planned routes, may explain the memory- 
improving effect of both spontaneous long and 
closed loop-prolonged ripples. 


REFERENCES AND NOTES 
1. G. Buzsaki, Hippocampus 25, 1073-1188 (2015). 
2. K. Diba, G. Buzsaki, Nat. Neurosci. 10, 1241-1242 (2007). 


4 of 5 


RESEARCH | REPORT 


D. J. Foster, M. A. Wilson, Nature 440, 680-683 (2006). 
H. Xu, P. Baracskay, J. O'Neill, J. Csicsvari, Neuron 101, 
119-132.e4 (2019). 

A. S. Gupta, M. A. A. van der Meer, D. S. Touretzky, 

A. D. Redish, Neuron 65, 695-705 (2010). 

S. Takahashi, eLife 4, e€08105 (2015). 

S. P. Jadhav, C. Kemere, P. W. German, L. M. Frank, Science 
336, 1454-1458 (2012). 

D. Dupret, J. O'Neill, B. Pleydell-Bouverie, J. Csicsvari, 

Nat. Neurosci. 13, 995-1002 (2010). 

T. J. Davidson, F. Kloosterman, M. A. Wilson, Neuron 63, 
497-507 (2009). 


. C. Drieu, R. Todorova, M. Zugaro, Science 362, 675-679 (2018). 


. B. E. Pfeiffer, D. J. Foster, Science 349, 180-183 (2015). 

. M. P. Karlsson, L. M. Frank, Nat. Neurosci. 12, 913-918 
(2009). 

. G. Dragoi, S. Tonegawa, Nature 469, 397-401 (2011). 

. H. F. Olafsdéttir, D. Bush, C. Barry, Curr, Biol, 28, R37-R50 
(2018). 

. M. A. Wilson, B. L. McNaughton, Science 265, 676-679 
(1994). 

. G. Girardeau, K. Benchenane, S. |. Wiener, G. Buzsaki, 
M. B. Zugaro, Nat. Neurosci. 12, 1222-1223 (2009). 

. T. Nakashiba, D. L. Buhl, T. J. McHugh, S. Tonegawa, Neuron 
62, 781-787 (2009). 

. E. Stark, L. Roux, R. Eichler, G. Buzsaki, Proc. Natl. Acad. 
Sci. U.S.A. 112, 10521-10526 (2015). 


Fernandez-Ruiz et al., Science 364, 1082-1086 (2019) 


19. J. O'Keefe, L. Nadel, The Hippocampus as a Cognitive Map 
(Oxford Univ. Press, 1978). 

20. A. Oliva, A. Fernandez-Ruiz, G. Buzsaki, A. Berényi, Neuron 91, 
1342-1355 (2016). 

21. A. Oliva, A. Fernandez-Ruiz, E. Fermino de Oliveira, G. Buzsaki, 
Cell Rep. 25, 1693-1700.e4 (2018). 

22. S. M. Kim, L. M. Frank, PLOS ONE 4, e5494 (2009). 

23. E. Pastalkova, V. Itskov, A. Amarasingham, G. Buzsaki, Science 
321, 1322-1327 (2008). 

24. M. Tsodyks, T. Kenet, A. Grinvald, A. Arieli, Science 286, 

943-1946 (1999). 

25. N. Maingret, G. Girardeau, R. Todorova, M. Goutierre, 

M. Zugaro, Nat. Neurosci. 19, 959-964 (2016). 

26. R. M. Memmesheimer, Proc. Natl. Acad. Sci. U.S.A. 107, 

1092-11097 (2010). 

27. M. F. Carr, M. P. Karlsson, L. M. Frank, Neuron 75, 700-713 

(2012). 

28. J. Yamamoto, S. Tonegawa, Neuron 96, 217-227.e4 (2017). 

29. J. O'Neill, C. N. Boccara, F. Stella, P. Schoenenberger, 

. Csicsvari, Science 355, 184-188 (2017). 

30. S. P. Jadhav, G. Rothschild, D. K. Roumis, L. M. Frank, Neuron 
90, 113-127 (2016). 


ACKNOWLEDGMENTS 


We thank J. Makara, S. Mckenzie, G. Kozak, P. Petersen, L. Sjulson, 
R. Swanson, V. Varga, and M. Valero for insightful comments and 
M. Soula for technical assistance. Funding: This work was 


14 June 2019 


supported by a Sir Henry Wellcome Postdoctoral Fellowship 
(A.F.-R.), EMBO Postdoctoral Fellowship ALTF 120-2017 (A.0.), 
FAPESP grant 2017/03729-2 (E.F.d.0.), NIH (MH107396 and 
NSO74015 to G.B. and U19NS104590), and NSF 1707316 
(NeuroNex MINT). Author contributions: A.F.-R. and G.B. 
conceived of and designed the experiments; A.F.-R. and E.F.d.0. 
performed experiments; F.R.-A. performed immunohistological 
experiments; A.F.-R. and A.O. analyzed data; and G.B., A.F.-R., A.O., 
and D.T. wrote the manuscript. Competing interests: The authors 
declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions 
in the paper are present in the paper and/or the supplementary 
materials. Part of the dataset included in this study is already 
available in the CRCNS.org and in the buzsakilab.com databases. 
The remaining data will be deposited in the same databases 
and are immediately available upon reasonable request. Custom 
Matlab scripts can be downloaded from https://github.com/ 
buzsakilab/buzcode. 


SUPPLEMENTARY MATERIALS 


science.sciencemag.org/content/364/6445/1082/suppl/DC1 
Materials and Methods 

Figs. Sl to S12 

Table S1 

References (31-40) 


19 February 2019; accepted 1 May 2019 
10.1126/science.aax0758 


5 of 5 


RESEARCH 


METASURFACES 


Phase-only transmissive spatial light 
modulator based on tunable 
dielectric metasurface 


Shi-Qiang Li, Xuewu Xu, Rasna Maruthiyodan Veetil, Vytautas Valuckas, 
Ramon Paniagua-Dominguez, Arseniy I. Kuznetsov* 


Rapidly developing augmented reality, solid-state light detection and ranging (LIDAR), 
and holographic display technologies require spatial light modulators (SLMs) with high 
resolution and viewing angle to satisfy increasing customer demands. Performance 

of currently available SLMs is limited by their large pixel sizes on the order of several 
micrometers. Here, we propose a concept of tunable dielectric metasurfaces modulated 
by liquid crystal, which can provide abrupt phase change, thus enabling pixel-size 
miniaturization. We present a metasurface-based transmissive SLM, configured to 
generate active beam steering with >35% efficiency and a large beam deflection angle 
of 11°. The high resolution and steering angle obtained provide opportunities to develop 
the next generation of LIDAR and display technologies. 


patial light modulators (SLMs) have wide- 
spread applications ranging from three- 
dimensional video projection (7) and 
additive manufacturing (2) to quantum 

(3) and adaptive optics. (4) The most versa- 

tile phase-only SLMs are capable of reconfigur- 
ing the phase retardation of light transmitted 
through or reflected from each pixel without 
changing its intensity. Typically, SLMs achieve 
this using liquid crystals (LCs). The LC molecules, 
called directors, align with each other, endowing 
the LC medium with a large uniaxial anisotropy 
of refractive index, An = n, - No, ranging from 
0.2 to 0.4 in the visible spectral range (n, and 
n, being the extraordinary and ordinary refrac- 
tive indices, respectively). Moreover, these mol- 
ecules rotate under the influence of an applied 
electric field, providing the means to dynami- 
cally control the refractive index along a given 
direction. One limitation of LC-based SLMs is 
their large pixel size, which is above 3 um for the 
best reflective SLM devices and tens of microm- 
eters for the transmissive ones. This limits the 
field of view (FOV) of the SLM, defined as the 
angular coverage of the first diffractive order. 
Further downsizing of the pixels while keeping 
the required thickness of the LC layer is limited 
by their mutual cross-talk (5). A typical com- 
mercial transmissive SLM (HOLOEYE LC 2012) 
has a pixel pitch of 36 um, giving a maximum FOV 
of 0.79, severely limiting its potential applications. 
Recently, a new class of flat optical elements, 
called metasurfaces, have been developed. They 
abruptly modify the phase of light by designated 
amounts using subdiffractive optical elements 
called nanoantennas (6, 7). Although metasur- 
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faces have been successfully applied to realize 
static optical components (8-11), for various 
applications it is important to modify the phase 
dynamically (72-19). If each nanoantenna could 
be individually tuned by applying electrical volt- 
ages, the metasurface would act as an SLM with 
a subwavelength pixel size. One way to achieve 
tunability is by combining nanoantennas with 
LCs. Initial results on the integration of nano- 
antennas inside LC cells (74, 20, 21) showed the 
possibility of obtaining spectral shifts of reso- 
nances using thermally (20) and electrically (27) 
switched LCs, as well as on-off switchable devices 
(14). However, a universal active metasurface capa- 
ble of arbitrary beam shaping through phase-only 
manipulation is yet to be realized. 

Here, we demonstrate how to achieve this active 
metasurface by integrating the nanoantennas 
into an LC-SLM device. Modifying the LC orien- 
tation around the nanoantennas changes their 
local environment and resonances. In this case, 
the main phase accumulation happens inside the 
nanoantennas rather than in the LC layer, thus 
uncoupling it from the LC thickness. This helps 
to reduce the LC cell thickness, which helps to 
solve the cross-talk issue and to reduce the pixel 
size, without requiring major modifications to 
the existing SLM technology. 

We use the Huygens’ metasurface concept, 
realized via dielectric nanoantennas supporting 
spectrally overlapped electric and magnetic di- 
pole resonances (22, 23). They provide full-range 
phase shift from 0 to 2x around the resonances 
peaks (22) and, when the induced dipole moments 
have equal amplitudes and phases, suppression of 
the back-scattering (24), resulting in a close-to- 
unity transmission (22, 23, 25). To achieve high 
efficiencies in the visible spectral range, we de- 
sign nanoantennas made of TiO (9, 26), with 
negligible absorption and sufficiently high re- 
fractive index (n ~ 2.5) to obtain resonances in- 
side the LC environment (E7 from Merck; n, ~ 1.5 


and 7, ~ 1.7) (see fig. SI). To find the optimum 
dimensions, we perform full-wave simulations 
(27), starting with a square lattice of cylindrical 
nanoantennas. The embedding LC (thickness 
hic = 1500 nm) is sandwiched between two glass 
plates with its director oriented in-plane (6; = 
0°) (see Fig. 1A). The incident light impinges 
normally onto the device, with its electric field 
polarized parallel to the LC director, experienc- 
ing its extraordinary refractive index. We show 
maps of transmission and phase for different 
radii of the TiO. nanoantennas, sweeping around 
the optimized dimensions and targeted wave- 
length of 660 nm (Fig. 1, A and B). The period 
in all cases is p = 360 nm, so that the unit cell is 
subdiffractive, and the nanoantenna height is 
h, = 205 nm. Huygens’ condition (high trans- 
mission and 2n-phase coverage) is achieved in a 
wide range of wavelengths from 650 to 675 nm, 
which is optimized for the chosen nanoantenna 
height, becoming narrower at different heights 
(figs. S2 and S3). 

Next, we study the phase retardation of light 
transmitted through the optimized nanoantenna 
array when the LC director orientation is switched 
from in-plane to out-of-plane (Fig. 1C). This can be 
realized by applying an electrical bias between 
two electrodes sandwiching the LC (28). We see 
that above 670 nm the relative phase difference 
at different LC orientations does not exceed 0.8n. 
This is the spectral region in which the nano- 
antennas are not resonant and the phase retar- 
dation is attributed to mere propagation in the 
LC layer. Below 670 nm, strong phase variations 
are generated by spectral shifts of the nano- 
antenna resonances induced by the refractive 
index change of the surrounding LC. In Fig. 1C, 
we highlight three series of results correspond- 
ing to LC director orientations of 0° 45°, and 90°. 
The phase in these three series is evenly spaced 
at around 27/3 to each other, in the wavelength 
region between 660 and 670 nm. Furthermore, 
they have similar transmittance, ranging between 
60 and 90%, thus satisfying the requirements 
for a three-phase-level transmissive SLM—evenly 
spaced, full-phase coverage and uncoupled, high 
transmission (see fig. S4 for the corresponding 
field distributions). 

We then simulate a beam-steering SLM de- 
vice having the unit cell shown in the inset of 
Fig. 1D. Instead of one nanoantenna per pixel, we 
use three. This gives the individually addressable 
(bottom) electrodes sufficient width to accom- 
modate the fringing electric field and phase- 
broadening effects (29). Further increasing the 
number of particles per pixel does not strongly 
improve performance (see table S1). A supercell 
comprising three pixels (with different LC rota- 
tions and corresponding phase levels, in accord- 
ance with Fig. 1C) is periodically repeated to 
produce an infinite gradient metasurface. The 
numerically calculated diffraction efficiencies of 
the device (Fig. 1D) show a clear increase of the 
transmission into the —1 diffraction order at the 
wavelength of 665 nm, reaching a value of ~48%, 
together with a strong reduction of efficiencies 
into the 0 and +1 orders. This translates into the 
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Fig. 1. Optimization of the nanoantenna geometry through simulations. 
(A) Amplitude and (B) phase spectra of the zero-order transmission of 
nanoantenna arrays with different particle radii. The inset shows the 
schematic of the simulated unit cell. A square array is formed by translating 
the unit cell in both the x and y directions. (C) Calculated relative phase 
retardation experienced by a normally incident wave passing through the 


optimized unit cell (hg = 205 nm, radius R = 135 n 


function of the LC director rotation. The color of the marker indicates the 


expected beam deflection, consistent with the 
phase analysis of homogeneous arrays (Fig. 1C 
and fig. S4). 

To prove our concept, we fabricate a device 
comprising 28 individually addressable electrodes 
(27). An optical image of the finalized device and 
its computer-generated design, including the 
printed circuit board, are shown in Fig. 2, A and B. 
Scanning electron microscopy (SEM) images, 
showing the nanoantennas on top of the elec- 
trodes before LC cell assembly, are shown in Fig. 2C 
(see the device transmission spectra in fig. S5). 

To test the device, we first use a two-level 
scheme, in which we address alternating elec- 
trodes at ground voltage (keeping the in-plane 
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m, p = 360 nm) asa 


LC alignment) and elevated voltage (6 to 8 V, 
inducing vertical LC alignment). In this situation, 
the device acts as a simple diffraction grating 
in which the periodicity, and thus the diffrac- 
tion angles, can be tuned by choosing different 
electrode-addressing configurations. The con- 
figurations and their corresponding measured 
diffraction intensities are shown in Fig. 2D. The 
optical performance of the device in this and 
all subsequent cases is characterized using the 
spectrally resolved back focal plane imaging 
technique (8, 27). 

Next, we introduce the intermediate-voltage- 
level electrode inducing the partial rotation of 


the LC. In this way, we obtain a three-level- 


Top Electrode 
Liquid Crystal 


[ ibedl 9 


Bottom Electrode 


640 
Wavelength (nm) 


650 660 670 680 


rotation—from blue (in-plane) to orange to yellow-green (out-of-plane)—and 
the size indicates the associated transmittance, with respect to the bare 
LC layer, the ones in the legend representing 50% transmittance. 

(D) Transmission spectra of the three main diffraction orders 

(T-1, To, and T41) of a wave passing through the beam-deflecting 
configuration. A unit cell, containing three nanoantennas, is depicted 
in the inset. The individual bottom electrodes are separated by 

an additional gap g = 60 nm. 


addressing scheme in which we can realize the 
beam deflection configuration analyzed theoret- 
ically above. By choosing different addressing 
schemes, we can tune the deflection angle, as 
demonstrated in Fig. 2E. The diffraction effi- 
ciencies into the three main diffraction orders, 
-1, 0, and +1, are shown in Fig. 2, F and G, for 
two characteristic cases. They correspond, re- 
spectively, to a case in which the beam deflects 
at around 4° and the one giving the maximum 
deflection angle of 11° Both plots show a clear 
region at around 650 nm in which the 0 order 
and the +1 order are suppressed and the —1 order 
is enhanced, reaching values >15%. In both cases, 
the optimum voltage for the intermediate-level 
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deflection device. (A) A photo of the device mounted for measurements. 
(B) Computer-generated design consisting of the printed circuit board and the 
nanofabricated part (gray, central area). “TL” stands for top-left (this notation 
is used to keep the correct sample orientation). (C) SEM images of the 
fabricated device, showing the individual electrodes with the nanoantennas on 
top. Scale bars: left panel, 5 um; right panels, 1 um. (D) Two-level addressing 
of the device, which acts as a grating with tunable periodicity. The left side 
shows the experimentally measured diffraction intensities as a function of 
the deflection angle for different electrode-addressing configurations, shown in 
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the corresponding right side. Gray patches represent grounded electrodes, and 
blue patches represent biased ones (at 8 V). a.u., arbitrary units. (E) As in (D), 
but for the three-level addressing of the device, which acts as a beam 
deflector with tunable deflection angle. Gray patches represent grounded 
electrodes, blue patches represent biased ones inducing total rotation of 
the LC, and green patches represent intermediate-voltage-level ones 
inducing partial rotation of the LC. (F and G) Measured transmission 
efficiencies (transmission intensity normalized to the incident intensity) 
of the three main diffraction orders for the case in which the beam deflects 
at ~4° (F) and at the maximum achievable angle of ~11° (G). 


electrode was found to be 3.5 V, whereas the 
high-level voltage was 7 and 8 V for 4° and 11° 
deflection, respectively. 

The measured efficiencies are noticeably lower 
than the theoretical predictions (fig. S6). We at- 
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tribute this to perturbation of the LC alignment 
at the edge of the active region and the limited 
number of electrodes fabricated. Both are related 
to the small sample size and can be mitigated upon 
further process improvement and integration of 


active-matrix electrodes, which can be addressed 
at a large scale. To corroborate this, we designed 
and fabricated a simpler but larger device in 
which two of three neighboring bottom elec- 
trodes are connected to the two terminals of an 
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Fig. 3. Large aperture, simplified metasurface-based SLM. (A) Schematic drawings of the SLM 
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and its operation concept. hic denotes the thickness of the LC layer, w the width of the electrode, 
and g the gap between the electrodes. (B) SEM images showing the fabricated device. The 
unconnected (floating) electrodes appear brighter because of induced charging. Each device is 

120 um by 100 um. Scale bars: left panel, 5 wm; central panel, 600 nm; right panel (tilted view), 
250 nm. The area outlined in yellow in the left panel highlights a supercell of the device. 

(C) Measured transmission efficiencies (transmission intensity normalized to the incident intensity) of 
the three main diffraction orders for the case of 12-V left bias. (D) As in (C), but for the 13-V right bias. 


external voltage source. One of the connected 
electrodes and the top electrode are put to the 
ground state, and the other is biased to induce 
the out-of-plane switching of the LC directors 
(Fig. 3A). The third electrode is left floating 
(unconnected) to pick up an electric potential in 
between the biased and the grounded electrodes, 
so that the LC directors can attain the inter- 
mediate level of rotation leading to deflection of 
the incoming light beam. This design allows the 
reversal of the deflection direction by switching 
the applied voltages, as shown in Fig. 3A, but 
does not allow a change in deflection angle. On 
the other hand, it allows us to fabricate a device 
with a much larger number of electrodes and 
thus a much larger aperture size. SEM images of 
the fabricated device before the LC infiltration 
are shown in Fig. 3B. 

In Fig. 3, C and D, we plot the measured dif- 
fraction efficiency spectra of the device at the 
optimum beam deflection conditions for each 
case (see figs. S7 and S8 for the voltage optimi- 
zation). The efficiencies and the overall trends 
in this device show very good agreement with 
the simulated results plotted in Fig. 1D. In the 
best case, the experimental beam deflection effi- 
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ciency at 660 nm reaches 36%, compared with 
48% obtained from simulations. There are several 
effects not considered in the simulations, which 
may all contribute to this slight discrepancy, 
such as the fringing fields at the gaps between 
the electrodes, nonuniformities in nanoantenna 
sizes, and imperfections in the LC director align- 
ment. Nevertheless, the results indicate that the 
moderate efficiencies obtained for the fully dy- 
namic device (Fig. 2) can be improved by realizing 
a larger device size. 

In this study, we demonstrate a one-dimensional 
phase-only nanoantenna-based transmissive SLM 
device that reaches an experimental efficiency 
of 36% with a pixel size of only ~1 um and a FOV 
of 22°. The presence of the nanoantennas allows 
a reduction of the LC layer thickness required 
to achieve the necessary phase modulation by 
more than half compared with traditional SLMs. 
This, in turn, alleviates the phase broadening 
and fringing field effects, which are the main 
limiting factors preventing pixel-size reduction 
in traditional SLM devices. Our design can be 
further extended to two-dimensional, phase- 
only LC SLMs, providing opportunities to make 
ultra-high-resolution devices, which may per- 


form faster and have a larger FOV, while keeping 
high efficiencies. 


REFERENCES AND NOTES 


1. H. Sasaki et al., Sci. Rep. 4, 6177 (2014). 

2. M. Shusteff et al., Sci. Adv. 3, eaao5496 (2017). 

3. K.H. Kagalwala, G. Di Giuseppe, A. F. Abouraddy, B. E. A. Saleh, 
Nat. Commun. 8, 739 (2017). 

4. N. Ji, Nat. Methods 14, 374-380 (2017). 

5. D.-K. Yang, S.-T. Wu, Fundamentals of Liquid Crystal Devices 

(Wiley, 2014). 

6. P. Genevet, F. Capasso, F. Aieta, M. Khorasaninejad, R. Devlin, 

Optica 4, 139-152 (2017). 

7. A.\. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, 

Y. S. Kivshar, B. Luk'yanchuk, Science 354, aag2472 (2016). 

8. R. Paniagua-Dominguez et al., Nano Lett. 18, 2124-2132 

(2018). 

9. M. Khorasaninejad et al., Science 352, 1190-1194 (2016). 

0. D. Lin, P. Fan, E. Hasman, M. L. Brongersma, Science 345, 
298-302 (2014). 

1. A. Arbabi, Y. Horie, M. Bagheri, A. Faraon, Nat. Nanotechnol. 
10, 937-943 (2015). 

2. A. Howes, W. Wang, |. Kravchenko, J. Valentine, Optica 5, 
787-792 (2018). 

3. R. Sarma et al., Appl. Phys. Lett. 113, 061108 (2018). 

4. A. Komar et al., ACS Photonics 5, 1742-1748 (2018). 

5 

6. 


. E. Arbabi et al., Nat. Commun. 9, 812 (2018). 
. G. Kafaie Shirmanesh, R. Sokhoyan, R. A. Pala, H. A. Atwater, 

Nano Lett. 18, 2957-2963 (2018). 

7. A. She, S. Zhang, S. Shian, D. R. Clarke, F. Capasso, Sci. Adv. 
4, eaap9957 (2018). 

8. A. L. Holsteen, S. Raza, P. Fan, P. G. Kik, M. L. Brongersma, 
Science 358, 1407-1410 (2017). 

9. Q. Wang et al., Nat. Photonics 10, 60-65 (2016). 

20. J. Sautter et al., ACS Nano 9, 4308-4315 (2015). 

21. A. Komar et al., Appl. Phys. Lett. 110, 071109 (2017). 

22. M. Decker et al., Adv. Opt. Mater. 3, 813-820 (2015). 

23. Y. F. Yu et al., Laser Photonics Rev. 9, 412-418 (2015). 

24. M. Kerker, D. S. Wang, C. L. Giles, J. Opt. Soc. Am. 73, 
765-767 (1983). 

25. |. Staude et al., ACS Nano 7, 7824-7832 (2013). 

26. E. Khaidarov et al., Nano Lett. 17, 6267-6272 (2017). 

27. Materials and methods are available as supplementary 
materials. 

28. N. Mukohzaka, N. Yoshida, H. Toyoda, Y. Kobayashi, T. Hara, 
Appl. Opt. 33, 2804-2811 (1994). 

29. P. G. de Gennes, J. Prost, The Physics of Liquid Crystals, 

vol. 83 of International Series of Monographs on Physics 

(Oxford Univ. Press, 1995). 


ACKNOWLEDGMENTS 


The authors acknowledge helpful discussions with Y. H. Fu, Y. F. Yu, 
Z. Pan, and S. T. Ha, and also the fabrication support provided by 
K. Goh, S. Yap, A. Huang, and Y. T. Toh. Funding: The authors 
acknowledge financial support from National Research Foundation of 
Singapore (grant NRF-NRFI2017-01), IET A F Harvey Engineering 
Research Prize 2016, A*STAR SERC Pharos program (grant 152 73 
00025) (Singapore), and AME Programmatic Grant Al8A7b0058 
(Singapore). Author contributions: S.-Q.L. performed simulations, 
sample nanofabrication, device design, electro-optical characterization, 
and wrote the first draft; X.X. performed simulations and optical 
characterization; R.M.V. performed liquid crystal cell fabrication and 
characterization; V.V. performed SEM measurements; R.P.-D. 
conceived the idea and contributed to simulations and overall 
supervision of the project; A.I.K. conceived the idea and 
supervised the whole project. All authors discussed the results and 
worked on the manuscript. Competing interests: None declared. 
Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper or the 
supplementary materials. 


SUPPLEMENTARY MATERIALS 
science.sciencemag.org/content/364/6445/1087/suppl/DC1 
Materials and Methods 

Figs. Sl to S9 

Table S1 

Reference (30) 


15 January 2019; accepted 22 May 2019 
10.1126/science.aaw6747 


4 of 4 


RESEARCH 


ELECTROCHEMISTRY 


Atomically dispersed Fe™’ sites 
catalyze efficient CO, 


electroreduction to 


CO 


Jun Gu’, Chia-Shuo Hsu’, Lichen Bai’, Hao Ming Chen?*, Xile Hu’* 


Currently, the most active electrocatalysts for the conversion of COz to CO are 
gold-based nanomaterials, whereas non-precious metal catalysts have shown low to 
modest activity. Here, we report a catalyst of dispersed single-atom iron sites that 
produces CO at an overpotential as low as 80 millivolts. Partial current density 
reaches 94 milliamperes per square centimeter at an overpotential of 340 millivolts. 
Operando x-ray absorption spectroscopy revealed the active sites to be discrete 

Fe** jons, coordinated to pyrrolic nitrogen (N) atoms of the N-doped carbon support, 
that maintain their +3 oxidation state during electrocatalysis, probably through 
electronic coupling to the conductive carbon support. Electrochemical data suggest 
that the Fe** sites derive their superior activity from faster COz2 adsorption and weaker 


CO absorption than that of conventional Fe? 


lectrochemical reduction of carbon dioxide 

(CO) is a promising approach to store in- 

termittent renewable solar and wind en- 

ergy in carbon-based fuels and chemicals, 

leading to reduced anthropogenic CO, emis- 
sion (1). To achieve high energy efficiency and 
scalability, the reaction must occur rapidly and 
selectively at low overpotentials. Numerous elec- 
trocatalysts have been developed for CO, reduc- 
tion (2), among which gold (Au) and, to a lesser 
degree, silver (Ag) are the most efficient at low 
overpotentials. For example, the Faradaic effi- 
ciency of carbon monoxide (CO) formation can 
exceed 90% with Au- (3-5) and Ag-based (6, 7) 
catalysts. On certain Au nanostructures, the 
partial current density of CO (denoted as jco) 
reached 10 mA cm”? at overpotentials even 
lower than 300 mV (4, 5). Catalysts composed 
solely of Earth-abundant elements typically 
have low selectivity for CO, reduction (8-12). 
Recently, many single-atom catalysts (13, 14) 
have been developed, in which numerous cat- 
alytic metal sites separated from each other 
were chemically and electronically constrained 
on solid supports. These catalysts exhibit prop- 
erties and activity distinct from both nano- 
particles and molecular complexes of the same 
metal elements. Among them, iron (Fe) (15, 16), 
cobalt (Co), (17) and nickel (Ni) (18-20) catalysts 
were reported to exhibit Faradaic efficiency 
of CO formation comparable with those of Au 
and Ag catalysts. However, with these non- 
precious metal catalysts, much larger over- 
potentials were required to obtain the same 
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* sites. 


jco- Here, we report a catalyst with dispersed 
single-atom Fe sites with ultrahigh activity for 
CO, electroreduction to CO. 

The Fe catalyst (Fe®*-N-C) was prepared 
through the pyrolysis of Fe-doped zinc (Zn) 2- 
methylimidazolate framework (ZIF-8) (27) under 
No» at 900°C. The precursor adopts the same 
crystal structure as that of undoped ZIF-8 (fig. 
$2A), with a mole ratio of Fe:Zn of 4:96 (fig. 
S2E). Fe ions occupy Zn sites and are coordi- 
nated by four pyrrolic-type nitrogens (N), as re- 
vealed by the fitting of the Fe K-edge extended 
x-ray absorption fine structure (EXAFS) spec- 
trum (fig. $2, G to I, and table SI). Fe?*-N-C is 
porous, with a Brunauer-Emmett-Teller surface 
area of 772 m” g"' (fig. S3A) and an electrochem- 
ical (double-layer) surface area of 554 m? g (fig. 
S3D). The porosity was confirmed by means of 
high-angle annular dark-field scanning trans- 
mission electron microscopy (HAADF-STEM) 
(Fig. 1A). Inductively coupled plasma optical emis- 
sion spectrometry (ICP-OES) analysis showed 
the weight fractions of Fe and Zn to be 2.8 and 
3.4%, respectively, corresponding to a nearly equal 
mole ratio of Fe:Zn. A similar Fe:Zn mole ratio 
was found by means of x-ray photoelectron spec- 
trometry (XPS) (fig. S3E) and energy dispersive 
x-ray spectroscopy (EDS) (fig. S4F) measurements. 
The majority of Zn ions in the ZIF-8 precursor 
were presumably reduced to Zn particles, which 
then evaporated during pyrolysis. The x-ray dif- 
fraction (XRD) pattern of Fe®*-N-C (fig. S3G) 
showed a broad feature at ~25° corresponding 
to the interlayer distance of the carbon matrix 
(with ad value of ~0.35 nm). No diffraction peaks 
of any crystalline species of Fe and Zn were ob- 
served. Likewise, no nanoparticles were found 
in the transmission electron microscopy (TEM) 
and high-resolution TEM (HRTEM) images; 
only curved fringes of the layered carbon matrix 
were observed (fig. S4, D and E). The EDS map- 
pings (Fig. 1, B and C) revealed the homoge- 


neous distributions of Fe and N in the carbon 
matrix. In the aberration-corrected HAADF- 
STEM image with atomic resolution (Fig. 1D), 
the bright spots with size of ~0.2 nm correspond 
to atomically dispersed Fe and Zn sites. The 
Fe 2p3/2 XPS spectrum (fig. S3F) and the Fe 
K-edge x-ray absorption near-edge structure 
(XANES) spectrum (Fig. IF) showed binding 
and edge energies close to those of Fe.O3 and 
Fe**-tetraphenylporphyrin-Cl (Fe®*TPPCl), in- 
dicating that the Fe ions in the as-synthesized 
Fe?*-N-C were in the +3 oxidation state. Thus, 
the Fe ions were oxidized from +2 to +3 during 
the pyrolysis, which is in agreement with pre- 
vious reports of pyrolysis of Fe-containing or- 
ganic precursors (15, 22). The oxidants might be 
of the same species as protons or residual oxy- 
gens that oxidized the carbon skeleton of the 
ZIF precursor. Fe K-edge EXAFS (Fig. 1H) sup- 
ported the atomic dispersion of Fe sites in 
Fe?*-N-C. The fitting of the spectrum (table 
S1) indicated that the Fe center adopts a planar 
Fe-X, (X = N or C) structure. The average 
coordination numbers of Fe-N and Fe-C paths 
were 3.4 and 0.5, respectively. No Fe-Fe bond 
was detected. 

As shown by the linear sweep voltammetry 
(LSV) curve of Fe?*-N-C in CO,-saturated 0.5 M 
potassium bicarbonate (KHCOs) electrolyte (fig. 
$5), the onset potential was more positive than 
-0.20 V versus reversible hydrogen electrode 
(RHE). Compared with Fe**-N-C, the current 
density of the Fe-free control sample, Zn—N-C 
(prepared by pyrolysis of undoped ZIF-8), was 
negligible, indicating that the electrocatalytic 
activity of Fe?*-N-C originates from Fe sites. We 
first tested the electrocatalytic activity in CO 
reduction using carbon paper electrodes in an 
H-cell (fig. S6A). CO and Hy» were the only gas- 
phase products, and no solution-phase product 
was detected (fig. S6, B to D). CO was detected 
after electrolysis at -0.19 V versus RHE, equiva- 
lent to an overpotential of 80 mV (fig. S6, E and 
F). The Faradaic efficiency of CO was higher 
than 80% between -0.2 and -0.5 V versus RHE 
(Fig. 2A). The jco reached 20 mA cm~” at -0.47V 
versus RHE (overpotential of 360 mV) (Fig. 2B). 
The rate of CO, reduction might be limited by 
mass transport in an H-cell (23). Thus, we de- 
posited Fe?*-N-C on a gas diffusion electrode 
(GDE) (24). The electrolysis was then conducted 
in a flow cell with N.-saturated 0.5 M KHCO, as 
the catholyte, and COs gas was fed behind the GDE 
(fig. S7A). Ni-Fe layered double hydroxide (LDH) 
nanosheets (25) were used as the electrocatalyst 
for the anodic reaction (oxygen evolution). At 
-0.45 V versus RHE (overpotential of 340 mV), 
jco reached 94 mA cm~? (corresponding to 
1.75 mmolco hour cm”) (Fig. 2B), with Faradaic 
efficiency of CO on the cathode higher than 90% 
(Fig. 2A). Good reproducibility was observed 
in measurements of three independently pre- 
pared samples, giving a small standard deviation 
(Fig. 2, A and B). 

We compare the jog of Fe®*-N-C to other state- 
of-the-art catalysts in Fig. 2C and fig. S8. The joo 
of Fe**-N-C measured in an H-cell between -0.2 
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Fig. 1. Characterizations 
of Fe?*—N-C. (A) HAADF- 
STEM image and the 
corresponding EDS 
mappings of (B) Fe and 
(C) N of the region 
enclosed by the red square. 
(D) Aberration-corrected 
HAADF-STEM image 

and (E) EDS spectrum 

of the red square region. 
(F) Fe K-edge XANES 


spectra of Fe?*-N-C 
(black), Fes03 (blue dashed), 
Fe?*TPPCI (green dashed), 
FeO (pink dashed), and 2 FeO 
Fe foil (orange dashed). s . Fe foil 
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and (H) R-space Fe K-edge 0.2; i fi OQ. iii 
EXAFS spectra. Shown 0.0 oral 71207124 
are data (black) and fitting 7 8 7100 7110 7120 7130 7140 7150 7160 
curves (red). Energy (keV) Energy (eV) 
G , H 
~ 5 o Fe**-N-C 
ii eee 
24 = — Fitting 
= S 4 x, x 
ind = ore 
= ey 
294 FE 9) 
— X=N,C 
zs) 1 : + 0 & : 
2 4 6 8 10 0 2 3 4 5 6 


and -0.5 V versus RHE is considerably higher than 
that attained by other non-precious metal catalysts 
and even Ag catalysts (7), reaching comparable 
levels with those of oxide-derived Au catalysts (3). 
The mole-normalized current of Fe**-N-C is sig- 
nificantly higher than that of Au catalysts in this 
potential range (fig. S8B). Assuming all Fe atoms 
to be catalytically active, the apparent turnover 
frequencies (TOFs) of Fe®*-N-C (Fig. 2D) are 
comparable with those of Au catalysts (3, 4, 26) 
and greatly exceed those of other non-precious 
metal catalysts (15, 16, 19). Unlike for catalysts 
based on copper (Cu), Ag, and Au (27), ultrapure 
electrolyte solutions were not necessary for 
Fe®*-N-C. When KHCO; with a purity of 99.5% 
was used to prepare electrolyte, or even tap 
water was used in place of deionized water 
(18.2 megohm cm), the Faradaic efficiency and 
jco show no obvious change, and the perform- 
ance was stable for at least 12 hours (Fig. 2E). 
After 12 hours of electrolysis, the weight fraction 
of Fe in Fe**-N-C (measured with ICP-OES) was 
2.6%, indicating no appreciable leaching of Fe 
ions from the catalyst. No aggregation of Fe or Zn 
species was detected in TEM images, and a high 
density of discrete Fe and Zn atoms was still 
observed (fig. S9). 

The performance of Fe®*-N-C was stable be- 
tween -0.2 and -0.5 V versus RHE, although at 
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potentials more negative than -0.5 V versus RHE, 
the activity became unstable (fig. S7B). As shown 
in fig. S7C, the current density at -0.41 V was 
stable during a 28-hour chronoamperometry 
test. Whereas at -0.51 V versus RHE, the initial 
jco was much higher, it decreased rapidly to a 
value similar to that obtained at -0.41 V versus 
RHE. This result indicates some changes of 
Fe®*-N-C around -0.5 V versus RHE. To ex- 
plore the nature of this change, we conducted 
operando XAS measurements in the CO.-saturated 
0.5 M KHCOs catholyte. Fe K-edge spectra were 
obtained on dry samples and on samples that 
were loaded on glassy carbon electrodes and im- 
mersed in the electrolyte at open circuit potential 
(OCP) as well as at -0.1 to -0.6 V versus RHE 
(Fig. 3A). For Fe**-N-C, the Fe K-edge showed 
no obvious shift between the dry powder and 
the in situ sample at -0.4 V versus RHE. The edge 
energy was close to that of Fe**TPPCI, indicating 
that the Fe ions in Fe**-N-C remained in the +3 
oxidation state during CO, electroreduction at 
potentials as negative as -0.4 V versus RHE. When 
the applied potential was shifted further nega- 
tive, to -0.5 V versus RHE and beyond, the Fe 
K-edge shifted to lower energies, which were 
comparable with that of FeO, suggesting the 
reduction of Fe** to Fe”*. This reduction process 
occurred at the same potential as the above- 


Distance (A) 


mentioned deactivation of Fe®*-N-C, implying 
that Fe** sites are more active for generating CO. 
Moreover, the fitting of EXAFS spectra (fig. S10C) 
indicates that the reduction of Fe** sites is ac- 
companied by a change of local structure around 
the Fe ions. Before the reduction of Fe** sites, the 
first shell coordination number of Fe (Fe-N and 
Fe-C) was about 4, whereas as the Fe" sites were 
reduced to Fe" sites, the first shell coordination 
number of Fe decreased to about 3. 

To investigate the origins of the improved ac- 
tivity of Fe?*-N-C as compared with previously 
reported single-atom Fe catalysts, we measured 
in situ Fe K-edge XANES spectra of Fe0.5d (fig. 
S11, E and F) (15). Under potentials between -0.2 
and -0.5 V versus RHE, the energy of the Fe K- 
edge was close to that of FeO, indicating a +2 
rather than +3 oxidation state for the Fe sites 
during CO, reduction. This difference in oxida- 
tion state might be due to different ligand envi- 
ronments, particularly with regard to the N atoms. 
For Fe0.5d (15) and Fe-N-C (/6), Fe ions coor- 
dinated with four pyridinic N were proposed as 
the active sites. For Fe?*-N-C, XANES and XPS 
spectra of N indicate that the Fe ions were co- 
ordinated to pyrrolic N. In the N K-edge XANES 
spectrum (fig. S12A), x* and o* features of Fe?*- 
N-C were similar to those of a metal-porphyrin 
derivative (28). In the N 1s XPS spectrum (fig. 
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Fig. 2. CO2 electroreduction performance. 
(A) Faradaic efficiency of CO (solid lines) 
and Hz (dashed lines) production and 

(B) jco of Fe**-N-C in an H-cell (red) and 
on a GDE (blue), and of Fe**-N-C in 

an H-cell (black). Data from the H-cell were 
obtained by means of chronoamperometry, 
whereas data from the GDE were obtained by 
means of chronopotentiometry. Each error 
bar was the standard deviation determined 
based on tests of three individual electrodes. 
Loading was 0.6 mg cm? for Fe?*-N-C 

and Fe**-N-C; 2.5 mg cm’? for Fe?*-N-C/DGE. 
(C and D) Comparison of (C) jeo and 

(D) apparent TOFs of CO production of 
Fe?*—N-C in an H-cell (red circles) and on 

a GDE (red stars) and of Fe®*-N-C in 

an H-cell (red squares), to that of other 
reported catalysts: other Fe-N-C catalysts 
[Fe-0.5d (15) and Fe-N-C (16)], a Co-N-C 
catalyst with two coordinating nitrogen 
atoms (Co-N2) (17), atomically dispersed 

Ni on nitrogen-sulfur codoped graphene 
(A-Ni-NSG) (19), oxide-derived Au electrode 
(OD-Au) (3), carbon black supported 

Au nanowires with a length of 500 nm 
(C—Au-500) (4), needle-shape Au nanostruc- 
tures (Au needles) (5), nanoporous 

Ag electrode (np-Ag) (7), and Au-polymer- 
multiwall carbon nanotubes composite 
loaded on GDE (Au/GDE) (34) in bicarbonate 
electrolytes. (E) Chronoamperometry curve 
and Faradaic efficiency of CO production 
(dots) by Fe?*-N-C in H-cell at —0.37 V versus 
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RHE. The electrolytes were prepared from potassium carbonate (K2CO3) (99.999%) and deionized water (18.2 megohms cm) (black), 


KHCO3 (99.5%) and deionized water (red), and K 


S12B), the major peak at 398.6 eV was attributed 
to pyrrolic N coordinated to Fe, which is in ag- 
reement with the spectrum of Fe**TPPCl. This 
assignment is consistent with the atomic frac- 
tions of N and metals and the coordination num- 
ber of metal-N (table S4). 

To further test the above hypothesis, we di- 
rectly compared the Fe®*-N-C catalyst with an 
analogous Fe-N-C catalyst in which the Fe ions 
were coordinated by pyridinic N atoms. Consid- 
ering that pyrolysis of Fe precursors containing 
either pyridinic ligands or pyrrolic ligands seemed 
to conserve the pyridinic or pyrrolic nature of 
the N atoms, we prepared the reference sample 
(Fe’*-N-C) by pyrolysis of a composite contain- 
ing a Fe-phenanthroline complex at 700°C (22). 
Aberration-corrected HAADF-STEM (fig. S13D) 
and Fe K-edge EXAFS (fig. S14E and table S1) 
confirmed the single-atom nature of the Fe sites 
in Fe?*-N-C. In the N 1s XPS spectrum (fig. $12C), 
the major feature at 399.7 eV was assigned to 
pyridinic N coordinated to Fe, which is in agree- 
ment with the assignments of the spectra of 
Fe-phenanthroline complexes and previously re- 
ported metal-N-C catalysts with pyridinic N lig- 
ands (16). This assignment is also consistent with 
the percentage of coordinated N measured with 


HCO3 (99.5%) and tap water (blue), respectively. 


tained Fe ions coordinated by pyridinic N atoms. 
A XANES spectrum (fig. S14D) showed that ini- 
tially, the energy of Fe K-edge of Fe?*-N-C was 
considerably higher than that of FeO. The Fe 2p 
XPS (fig. S14C) spectrum showed that the binding 
energy of Fe ion was similar to that of Fe.O3. 
These data suggested an important number of 
Fe** sites in the as-prepared sample of Fe?*-N-C. 
The in situ XANES (Fig. 3B) showed that Fe** in 
the as-prepared Fe”*-N-C started to be reduced 
to Fe”* at -0.1 to -0.2 V versus RHE. During CO, 
electroreduction (at potentials more negative 
than -0.2 V versus RHE), the energy of the Fe 
K-edge was slightly lower than that of FeO. Thus, 
the Fe sites in Fe?*-N-C under reaction condi- 
tions had an oxidation state of +2 or lower. The 
TOF of CO production of Fe”*-N-C is more than 
an order of magnitude lower than that of Fe**- 
N-C under the same potential (Fig. 2D). The cur- 
rent density of Fe?*-N-C decreased markedly 
during 2-hour choronoamperometry tests (fig. 
S6G), indicating its lower stability as compared 
with the Fe®*-N-C catalyst. These data suggest 
that pyrrolic type ligands are important to keep 
Fe sites in the +3 oxidation state during CO» 
electroreduction and consequently maintain the 
high activity and stability of Fe** sites. This hy- 


other methods (table $4). Thus, Fe?*-N-C con- 
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pothesis is further supported by the different re- 


activity of Fe**-N-C and Fe”*-N-C toward NaBH. 
The Fe** ions coordinated by pyridinic N ligands 
in Fe**-N-C could be reduced by NaBH,, whereas 
those coordinated by pyrrolic N ligands in Fe**- 
N-C could not (fig. $15). 

For Fe”*-N-C, the jco at a fixed potential ver- 
sus the standard hydrogen electrode (SHE) is 
largely independent of the concentration of the 
proton donor (fig. S16, A and B), indicating that 
the 1-electron reduction (adsorption) of CO, is 
decoupled from a proton transfer (29, 30). At 
modest overpotentials, the joo of Fe?*-N-C has 
a Tafel slope of 117 mV/decade (fig. SI6E), sug- 
gesting that CO, adsorption is slow and rate- 
limiting (supplementary materials, kinetic and 
mechanistic analysis). On the other hand, the 
jco of Fe?*-N-C is approximately first-order in 
the concentration of HCO, (fig. S16D) and has 
a Tafel slope of 64-71 mV/decade at low over- 
potentials (fig. SIGE). These kinetic data sug- 
gest that for Fe®*-N-C, the 1 electron reduction 
of CO, is also decoupled from a proton transfer. 
Moreover, CO, adsorption is fast, and the rate- 
limiting step is the protonation of the adsorbed 
CO. to form an adsorbed COOH intermediate 
(supplementary materials, kinetic and mecha- 
nistic analysis). These results indicate CO, ad- 
sorption as a descriptor of catalytic activity at 
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Fig. 3. Operando XAS characterization. (A and B) Fe K-edge XANES spectra (left) and the first 
derivative of the spectra (right) of (A) Fe?*-N-C and (B) Fe**-N-C as dry powder (black) and 
loaded on glassy carbon electrodes at open circuit potential (OCP) (blue), —O.1 V (light blue), 
-0.2 V (green), -0.3 V (dark green), —0.4 V (dark blue), —0.5 V (red), and —0.6 V (pink) versus 
RHE, with the spectra of Fe203 (blue dashed), Fe**TPPCI (green dashed), FeO (pink dashed), 


and Fe foil (orange dashed) as references. 


low to modest overpotentials. They also reveal 
a faster CO, adsorption in Fe?*-N-C than in 
Fe?*-N-C, which explains why Fe**-N-C has 
a lower onset overpotential. The CO, electro- 
reduction was conducted in the presence of 
CO (0.2 atm) (fig. S17). External CO did not 
influence the activity of Fe?*-N-C but largely 
decreased the activity of Fe?*-N-C. This result 
suggests that at high overpotentials, CO de- 
sorption becomes rate limiting for Fe?*-N-C. 
Because CO desorption is a non-Faradaic step, 
once it becomes rate limiting, the rate will hardly 
increase with increasing overpotentials. At higher 
overpotentials, the Tafel slope of Fe?*-N-C be- 
comes enormous (546 mV/decade) (fig. SI6E), 
and jco cannot exceed 2 mA cm. On the other 
hand, the reaction at Fe** sites was not limited by 
CO desorption and could reach a very high current 
density. Thus, the higher activity of Fe?*-N-C 
compared with Fe?*-N-C at high overpotentials 
can be rationalized by a weaker CO binding 
at an Fe®* center than at an Fe”* center. 

The spectroscopic data indicate that Fe®*- 
N-C comprises pyrrolic N ligands, whereas Fe”*- 
N-C comprises pyridinic N ligands. The pyrrolic N 
ligands may stabilize Fe** relative to Fe’*, whereas 
the pyridinic N ligands have the opposite effect. 
Thermodynamically, the respective reduction 
potentials support this hypothesis: The stan- 
dard reduction potential of [Fe(phen);]°**/?* is 
1.06 V versus SHE, whereas that of Fe**/?* couple 
in Fe-porphyrin complexes can reach as low as 
-0.4 V versus SHE (37). Preservation of the +3 
oxidation state during CO, electroreduction is 
counterintuitive because the formation of highly 
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reduced, low-valent Fe species is necessary for 
molecular Fe catalysts (32). Once conjugated to a 
conductive carbon matrix, however, the Fe®* site 
is electronically coupled to the conductive sup- 
port so that the Fe**/?* reduction potential moves 
to the same degree as the Fermi level of the car- 
bon support when applying an external bias (fig. 
S18, A and B). The Fe**/?* reduction potential 
remains more negative than the Fermi level of 
the carbon support, leading to the stabilization of 
the Fe** ions. An analogous “strong-coupling” 
effect was formulated to explain the lack of re- 
dox chemistry on conjugated molecular sites 
during potential cycling (33). The reduction of 
e°* sites in Fe?*-N-C at -0.5 V versus RHE is 
probably enabled by a change of their coordi- 
nation environment. In situ EXAFS (fig. S1OC) 
revealed that the Fe ion lost one pyrrolic N lig- 
and at this potential, possibly because of pro- 
tonation or hydrogenation of the ligand driven 
by the electric field. The new coordination en- 
vironment increases the Fe**/?* reduction po- 
tential to be more positive than the Fermi level 
of the carbon support, resulting in conjugated 
e”* ions (fig. S18C). 
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Mutation of a bHLH transcription 
factor allowed almond domestication 


R. Sanchez-Pérez»”**+, S. Pavan*>*+, R. Mazzeo””***, C. Moldovan”, 
R. Aiese Cigliano®, J. Del Cueto’”***’, F. Ricciardi?’**, C. Lotti®, L. Ricciardi‘, 
F. Dicenta’, R. L. Lépez-Marqués’, B. Lindberg Meller””* 


Wild almond species accumulate the bitter and toxic cyanogenic diglucoside amygdalin. 
Almond domestication was enabled by the selection of genotypes harboring sweet kernels. 
We report the completion of the almond reference genome. Map-based cloning using 

an F, population segregating for kernel taste led to the identification of a 46-kilobase 
gene cluster encoding five basic helix-loop-helix transcription factors, bHLH1 to bHLH5. 
Functional characterization demonstrated that bHLH2 controls transcription of the P450 
monooxygenase-—encoding genes PdCYP79D16 and PdCYP71AN24, which are involved in 
the amygdalin biosynthetic pathway. A nonsynonymous point mutation (Leu to Phe) in the 
dimerization domain of bHLH2 prevents transcription of the two cytochrome P450 genes, 


resulting in the sweet kernel trait. 


Imond [Prunus dulcis Miller (D. A. Webb), 

syn. Prunus amygdalus L.] is the main tree 

nut species worldwide, with a cultivated 

area of about 1.9 million ha and an annual 

in-shell production exceeding 2.2 million 
metric tons (FAOSTAT 2017, www.fao.org/faostat/ 
en/#data/QC). The spatiotemporal framework of 
almond domestication is still controversial, al- 
though archaeobotany and genetic studies sug- 
gest it occurred in the Fertile Crescent—the 
“Cradle of Civilization”—during the first half of 
the Holocene (J-4). Cultivation in the Mediter- 
ranean Basin is documented by the presence of 
almonds among the artifacts found in historical 
places such as the tomb of Tutankhamen (5) and 
the Franchthi Cave in Greece (6). Most recently, 
almond was introduced in suitable habitats in 
America (primarily California) and the Southern 
Hemisphere. In addition to almond, the botanic 
family of Rosaceae encompasses an extraordi- 
nary variety of species of great economic im- 
portance in temperate regions, including apple 
(Malus domestica), apricot (Prunus armeniaca), 
Japanese apricot (Prunus mume), peach (Prunus 
persica), strawberry (Fragaria vesca), and sweet 
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cherry (Prunus avium) (7, 8). Among these, al- 
mond is unique in that the kernel (seed), rather 
than the flesh (mesocarp), represents the edible 
commercial product. 

Kernels of wild almond species are bitter and 
highly toxic to humans and predators because the 
cyanogenic diglucoside amygdalin accumulates 
in the cotyledons (9-12). The key event enabling 
almond domestication was the selection of sweet 
kernel genotypes. Genetic studies showed that 
edible sweet almond kernels originate from a 
dominant mutation (73, 14) within the almond 
linkage group (LG) 5, at a locus referred to as 
Sweet kernel (Sk) (15, 16). The nature of the Sk 
gene has remained elusive. 

Amygdalin is produced from the cyanogenic 
monoglucoside prunasin (9), which is biosyn- 
thesized in the seed coat (tegument). Recently, 
it was shown that the first two genes in the 
prunasin biosynthetic pathway, PdCYP79D16 
and PdCYP71AN?24, are poorly expressed in the 
tegument of sweet genotypes relative to bitter 


genotypes (72). The almond genome harbors 
an additional CYP79-encoding gene, named 
PdCYP79A68 (12), a putative ortholog of the 
P. mume gene PmCYP79A68 (17). PmCYP79A68 
was shown to have weak activity toward tryptophan, 
and it did not catalyze conversion of phenylalanine 
into the corresponding oxime, as required for a 
function in prunasin and amygdalin synthesis (7). 

Despite the economic importance of almond, 
genomic resources in almond are limited rela- 
tive to those available for other Rosaceae species 
(18-22). Here, we report the assembly of the draft 
genome of almond. The sequence information 
was used to unravel the genetic differences be- 
tween bitter and sweet kernel genotypes. The 
results provide insights into almond domesti- 
cation history, as well as a sequence inventory 
for studies of other almond agronomic traits 
such as flowering time, drought tolerance, and 
resistance to disease. 

The genome (27 = 2x = 16, haploid genome 
size = 246 Mb) of the sweet homozygous almond 
cultivar Lauranne was sequenced with a combi- 
nation of Illumina (paired-end and 5-kb mate 
pairs) and PacBio technologies. The long PacBio 
reads were used to perform the genome as- 
sembly, whereas the Illumina reads were used to 
perform gap filling and scaffolding. The scaffolds 
obtained were organized in pseudomolecules 
using the P. persica reference genome, as the 
genomes across the Prunus genus are essentially 
collinear (23-25). The final assembly consti- 
tutes 4078 scaffolds, of which 2572 are organized 
in eight pseudomolecules, with a final N50 of 
21.8 Mb (where N50 is the minimum contig length 
needed to cover 50% of the genome) and a L90 of 
306 (where L90 is the smallest number of contigs 
whose length sum makes up 90% of genome size) 
(table S1). A high level of collinearity between the 
almond genomic assembly and the recently re- 
ported single-nucleotide polymorphism (SNP)/ 
short sequence repeat (SSR) genetic linkage maps 
(25-27) was demonstrated (fig. $1). 

By combining ab initio, RNA sequencing (RNA- 
seq), and transcript sequences from P. persica 
and the Viridiplantae Swissprot database, the 
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Fig. 1. Map-based cloning of the Sk gene. (A and B) Comparison of linkage group 5 (LGO5) (A) and 
pseudomolecule 5 (Pd05) (B) in the region where the Sk locus is mapped. Approximate positions 
of the five bBHLH genes present within that region are shown. 
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P. dulcis genome was predicted to contain 27,817 
genes (table S2), of which 16,747 had an anno- 
tation edit distance (AED) < 0.3. A total of 1080 
conserved plant genes were identified among 
the annotated proteins with the BUSCO tool 
(28) (table S3). Of these, 95% were complete and 
present in a single copy, confirming the quality 
of the assembly and annotations. Functional 
annotation of the genes was then performed by 
searching for orthologous sequences in P. persica, 
Arabidopsis thaliana, and P. mume. In this way, 
a Gene Ontology term was assigned to 12,777 
genes, whereas a description was given to 24,035 
genes. About 34.6% of the genome was found to 
be repetitive, including 11.1% of long-term repeat 
elements (table S4). 

Using a set of Sk-linked cleaved amplified 
polymorphic sequence (CAPS) and SSR markers 
within the almond LG5 (29), together with two 
Sk-linked CAPS markers developed in this study 
(table S5 and fig. $2), a large mapping popula- 
tion of 475 F, individuals segregating at the Sk 
locus was genotyped. The resulting map dis- 
played the two markers ppa003882m/BsaWl1 
and ppa005388m/TadI flanking the Sk locus, 
separated by 0.2 cM and 0.1 cM, respectively 
(Fig. 1A). Alignment of the two marker sequences 
against the assembled almond genome sequence 
allowed the definition of a physical interval of 
118 kb, harboring 11 genes (Fig. 1B). A 46-kb clus- 
ter of five genes encoding putative basic helix- 
loop-helix (bHLH) transcription factors (bHLH1 
to bHLH5) was positioned within this interval. 
We investigated these DHLH genes for their 
ability to control amygdalin accumulation be- 
cause (i) sweet and bitter almond genotypes are 
associated with markedly different transcrip- 
tional levels of the amygdalin biosynthetic 
genes PdCYP79D16 and PdCYP7IAN24 (12), as 
confirmed by our RNA-seq experiment (Fig. 2); 
(ii) DHLH transcription factors are known to 
regulate the biosynthesis of several bioactive 
natural products (30); and (iii) we identified 
several bHLH-binding DNA matrices in the 
PdCYP79D16 and PdCYP71AN24 promoter re- 
gions (data S1). 

Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) time-course experi- 
ments on tegument tissues of the sweet cultivar 
Lauranne (SK/Sk) and the bitter genotype S3067 
(sk/sk) did not reveal differential expression for 
bHLH1, bHLH2, and bHLH4 (fig. S3 and data 
$2); expression of bHLH3 and bHLH5 was not 
detected. A scan of a 20-kb genomic region 
associated with the Sk locus revealed higher 
heterozygosity in the bitter genome than in the 
sweet genome (fig. S4). 

The expressed DHLH genes (bHLHI, 2, and 4) 
were sequenced in Lauranne and $3067 (fig. S5). 
In bALHI, this highlighted an indel polymor- 
phism of 161 bp leading to a truncated protein 
(262 versus 401 amino acids) in the sweet geno- 
type. In bHLH2, a C/T SNP and a 3-bp indel 
were observed, resulting in a nonsynonymous 
Leu®** — Phe (L346F) substitution and an Asn*” 
insertion in the sweet genotype. In bHLH4, no 
polymorphism was found. 
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Functional characterization of bHLH1 and 
bHLH2 was carried out using a factorial tran- 
sient B-glucuronidase (GUS) expression assay 
in Nicotiana benthamiana. The alleles were 
used in combination with the two PdCYP79D16 
promoter regions cloned from Lauranne and 
$3067 (henceforth referred to as p79sweet and 
p79bitter) and the three promoter regions cloned 
from PdCYP71IAN24 (henceforth referred to as 
p7isweetl, p71sweet2, and p7Ibitter) (Fig. 3). No 
significant differences were observed in GUS 
activity when expressing the two bHLH/ alleles 
(Fig. 3A). In contrast, a significant induction of 
GUS activity was observed for the bHLH2 bitter 
allele in combination with all versions of p79 and 
p71 (Fig. 3B). This indicated that bHLH2 could 
be the Sk gene. DNA sequencing of bHLH2 in 
56 almond genotypes demonstrated cosegre- 
gation between the Sk/sk alleles and the C/T 
polymorphism in all cases except one (table S6), 
represented by the cultivar Atocha. However, 
Atocha displayed a different SNP positioned 
nearby, resulting in a Leu®?° > Arg (L330R) 
nonsynonymous change (fig. S6). 

The L346F and L330R nonsynonymous muta- 
tions observed in sweet genotypes were both 
predicted to occur in the dimerization interphase 
typical of bHLH transcription factors (fig. S5). To 
study the possible functional consequences of 
the L346F mutation, we carried out direct muta- 
genesis of the coding sequence of the two bHLH2 
alleles, substituting the Leu®** residue with Phe 
and vice versa. In addition, the last 151 amino 
acids of the two bHLH2 alleles (henceforth called 
the “tail”) were also exchanged to investigate 
whether the extra Asn residue occurring at po- 
sition 412 in the sweet genotype of bHLH2 in- 
fluenced protein activity. Induction of GUS 
activity was observed only in association with 
the Leu®“° residue. Indel polymorphisms at the 
protein tail did not affect GUS activity (Fig. 3B). 
bHLH2 thus controls transcription of the P450 
monooxygenase-encoding genes PdCYP79D16 
and PdCYP71AN24 in the amygdalin biosynthetic 
pathway. 

To understand how a change from Leu to Phe 
at position 346 affects activity of the bHLH2 
transcription factor, we generated a structural 
model of the protein sequence surrounding this 
amino acid (Fig. 4, A to C). When dimerized, the 
corresponding Leu residues of each monomer 
are placed facing each other, allowing hydro- 
phobic interactions between the amino acids. 
Change of this Leu into a Phe might have two 
consequences. The first is that steric hindrances 
would prevent dimer formation. This would be 
augmented by the presence of two additional 
phenylalanines in the near vicinity in the model. 
Alternatively, the dimer would be formed, but 
the ability of the aromatic rings to form 1-stacks 
(31) would result in a dimer with an aberrant, 
nonfunctional conformation. To discriminate 
between these two possibilities, we expressed 
the bHLH2 bitter and sweet transcription fac- 
tor variants in Escherichia coli as a fusion to 
glutathione S-transferase (GST) or His, and per- 
formed pull-down assays (Fig. 4D) as well as 
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polyacrylamide gel electrophoresis under native 
conditions (fig. S7). Both protein versions mi- 
grated as a band with a molecular mass corre- 
sponding to the dimer, indicating that the L346F 
polymorphism does not affect the ability of 
bHLH2 proteins to form dimers. To test the DNA- 
binding ability of the bHLH2 dimers, we cloned a 
triple repeat of the six-nucleotide motif (CATGTG) 
present in all p79 and p71 promoter variants (data 
S1) upstream of a B-galactosidase gene in a yeast 
one-hybrid-compatible plasmid. Only the bHLH2 
variants carrying Leu®*° were able to induce 
B-galactosidase activity (Fig. 4E), indicating that 
the L346F mutation generates a nonfunctional 
bHLH2 dimer. 

The history of almond domestication is marked 
by the selection of sweet kernel genotypes, al- 
though other traits such as thinner endocarp and 
increased seed size might also have been objects 
of early selection (32). The knowledge of the 
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Fig. 2. The amygdalin biosynthetic pathway 
and transcript levels of the encoding genes 
during fruit development. Expression patterns 
(standardized FPKM values) of the genes 

of the amygdalin pathway are shown during 
tegument growth in the sweet genotype 
Lauranne and the bitter genotype S3067. 
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Fig. 3. Trans-activation analysis of putative 
downstream gene promoters by the bHLH 
transcription factors localized in the Sk locus 
and expressed in the tegument during kernel 
development. (A and B) The bar plots show 

the capacity of BHLH1 (A) and bHLH2 (B) variants 
of sweet (Sw) and bitter (Bit) genotypes to 
trans-activate the sweet and bitter promoters of 
PdCYP79D16 (p79; light/dark blue colors) and 
PdCYP7I1ANA4 (p71; pink/lilac colors), respectively. 
The effects of mutations in bHLH2 bitter and 
sweet at position 346 as well of their C-terminal 
tails are also shown. Control experiments: p19 
silencing suppressor [C(—)] and no transcription 
factor (no TF) as negative controls, and pCaMV35S: 
APL3:GUS as positive control [C(+)]. For each 
promoter, shown in different colors, data were 
compared using analyses of variance (ANOVA) least 
significant differences test with P < 0.05. Therefore, 
significant differences in the multiple combinations 
of promoters with or without TF are shown by 
different letters but with the same color. 


Fig. 4. A Leu > Phe substitution is responsible 
for formation of a nonfunctional bHLH2 dimer. 
(A) Visualization of the relative position of two 
bHLH2 monomers (red and cyan) after dimer 
formation. (B and C) A single amino acid substitu- 
tion (Leu to Phe) is present in the sweet variant, 
possibly interfering with formation of a functional 
dimer. (D) E. coli-expressed bHLH2 proteins 

were subjected to pull-down assays with a His-tag 
resin, transferred to polyvinylidene difluoride 
membranes, and detected with an antibody 
recognizing the His- and GST-tag engineered at 
the N-terminal end of the proteins. Precision Plus 
Protein Standard (Dual Color) was used as a 
protein standard, in which the pink-colored marker 
protein corresponds to 75 kDa. (E) The sweet 

and bitter variants of DHLH2 were tested in a yeast 
one-hybrid screening for their activation of a 
synthetic promoter including a triple repetition of a 
CATGTG motif, a typical binding sequence for the 
basic B-helix-loop-helix transcription factor family. 
As a negative control, a triple repetition of a random 
hexanucleotide sequence (AGCTCG) was used. 
The effects of the L346F mutation in bHLH2 bitter 
and sweet are also shown. 
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toxicity of bitter almond and peach kernels was 
already realized in ancient Egypt in the second 
millennium BCE, where traitorous priests in 
the capital cities of Memphis and Thebes were 
poisoned to death with pits of peaches—a prac- 
tice referenced in hieroglyphics as “death by 
peach” (33, 34). Caius Plinius Secundus (Pliny 
the Elder) wrote in his 37-volume encyclopedia 
Naturalis Historia that the Romans were proud 
of knowing how to remove the bitterness and 
toxicity from bitter almond kernels (35). In Basil 
of Caesaria’s Hexameron from the 4th century 
CE, it is stated that Greek agriculturists in 
Cappadocia had discovered that piercing of the 
trunk of a highly bitter almond tree near the 
root, so as to introduce a fat plug of pine into 
the middle of the pith, resulted in production 
of delicious sweet almonds (36). 

Today, almond breeding often introduces de- 
sirable traits from genotypes heterozygous or 
homozygous for the bitter sx allele, thus requir- 
ing the selection of sweet kernel individuals in 
segregating populations. With the identification 
of the polymorphisms causally related to the 
kernel taste, such a selection could be efficiently 
performed early at the seedling stage. 

Besides contributing to the advancement of 
almond genomics and breeding, the knowledge 
obtained in this study offers a route toward neo- 
domestication of other plants (37), for control- 
ling accumulation of not only other cyanogenic 
glucosides, such as linamarin and lotaustralin 
in cassava tubers (38), but also other specialized 
metabolites, such as anthocyanins in strawberry 
(39) saponins in the sweet/bitter quinoa lines 
(40) and formation of gossypol-containing glands 
in cotton (41). Finally, we envisage that DNA 
sequencing of the bHLH gene in almonds found 
at ancient archaeological sites may be used to de- 
lineate the roots of cultivation (42) or how ancient 
human populations moved across Asia, Europe 
(through the Mediterranean Basin), and the 
Americas (43). 
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Cold Trap 

Incorporating a stainless-steel chamber 

with mechanically refrigerated walls, Vapor 
Trap by SP Scientific provides highly efficient 
vapor trapping without the time-consuming 
annoyance, expense, and hazard caused by 
expendable coolants such as liquid nitrogen or 
dry ice. Designed to run with minimal operator 
attention, Vapor Trap is easy to use and requires a minimal 26.7 cm x 
52.1 cm x 27.9 cm lab space. Available in a choice of 2-L, 4-L, and 8-L 
condenser configurations, and operating at temperatures down to -90°C, 
Vapor Trap can be used in vapor streams with vacuum pumps up to 

250 L (9 ft?) per min. A new external type T thermocouple offers labs the 
convenience of remote temperature display and monitoring. Vapor Trap 
is available as an entry-level manual unit with an on/off switch. Alterna- 
tively, Titan Trap features an optional microprocessor-controlled version 
that can automate operation, including system alerts, vacuum pump 
activation, auto defrost routines, and digital temperature and vacuum 
displays. 

SP Scientific 

For info: 845-255-5000 

www.spscientific.com 


Automated Endotoxin Testing 

Lonza offers a fully automated and integrated plate-based PyroTec PRO 
Robotic Solution for endotoxin testing. Combining the speed and repro- 
ducibility of a robotic liquid handling platform with the power of Version 
6.0 of Lonza’s market-leading WinKQCL software, the system simplifies 
and accelerates endotoxin testing of parenteral pharmaceuticals regard- 
less of sample complexity. Conventional endotoxin detection methods for 
parenteral pharmaceuticals are labor intensive and error prone, as they 
involve manual data entry and template setup steps. Consequently, the 
reliability of results can be compromised and the retest rate increased, 
while the absence of metadata associated with the manual steps limits 
traceability and the laboratory's audit capability. PyroTec PRO Automated 
Robotic Solution reduces manual intervention considerably, minimizing 
the potential for human error and the need for repeat test runs, while 
greatly enhancing laboratory efficiency. As a fully automated system, it 
captures preparation metadata, adding traceability into tracking, trend- 
ing, and audit controls. 

Lonza 

For info: 800-638-8174 

www.lonza.com/endotoxin-automation 


Secondary Antibodies for VHH Discovery 

Jackson ImmunoResearch announces a new range of products for scien- 
tists developing single-domain VHH (variable domains of camelid heavy 
chain-only) antibodies. The Anti-Alpaca secondary antibody product line 
targets the immunoglobulin G (IgG) repertoire of camelid immunoglobu- 
lins, including whole-molecule, subclass, and VHH domain specificities. 
They are raised against alpaca and cross-react with llama. Anti-Alpaca IgG 
subclasses 2+3-specific antibodies enable scientists to monitor immune 
response and pinpoint the optimal B-cell harvest timeframe. Anti-Alpaca 
VHH domain antibodies detect single-domain antibodies across all immu- 
notechniques and can be used in diagnostics and drug development. 
Jackson ImmunoResearch 

For info: 800-367-5296 
www.jacksonimmuno.com/technical/products/vhh-discovery 
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new products 


Human Tissue Samples 

OriGene’s Tissue Biorepository has over 140,000 samples, comprising hu- 
man cancer and normal tissue products, ready for your research needs. 
These ethically sourced, high-quality tissues are pathologist-verified with 
hematoxylin and eosin (H&E) images available on our website for your re- 
view, selection, and quick, easy ordering. OriGene’s comprehensive tissue 
products provide researchers ready-to-use tools for studies in biomarker 
discovery and validation, cancer drug target identification and validation, 
companion diagnostic assay development, and personalized medicine for 
the cancer patient. Tissues are banked under strict collection protocols 
and undergo rigorous quality control to ensure each source block's 
exceptional quality. 

OriGene 

For info: 888-267-4436 

www.origene.com 


EV Isolation System 

ExoQuick ULTRA for Serum and Plasma from System Bioscience allows 
for extracellular vesicle (EV) preps with high levels of yield and purity. 
Important for intercellular communication in both normal physiology as 
well as disease states such as cancer, EV biology is a rapidly growing field. 
However, obtaining EVs for in vivo and ex vivo studies can be challenging. 
Ultracentrifugation has been considered the gold standard for exosome 
isolation, but the method is time-consuming and requires large sample- 
volume inputs and access to specialized equipment. With ExoQuick 
ULTRA, you no longer have to make the trade-off between yield, purity, 
speed, a simple protocol, and price. From as little as 250 pL of serum or 
plasma and our ExoQuick ULTRA kit, you can isolate high-quality EVs for a 
wide range of downstream applications, such as Western blotting, mass 
spectrometry, NGS sequencing, exosome labeling, and in vivo/ex vivo 
exosome delivery. Each kit comes with enough serum/plasma reagent 
and convenient, prepacked columns to complete 20 reactions. 

System Biosciences 

For info: 888-266-5066 

www.systembio.com 


Low-Adhesion Microplates 

Lipidure-coated plates from AMS Biotechnology use MPC 
(2-methacryloyloxyethy! phosphorylcholine), a biocompatible synthetic 
polymer with the same structure as the phosphorylcholine polar bases 
that form cell membranes. Due to the high biocompatibility of this 
coating, cells will not adhere to the surface of Lipidure-coated plates 

or dishes. Different well shapes (U, V, and flat-bottom) can be used to 
control the size, position, and density of organoid culture. Studies have 
shown that Lipidure-coated plates promote the formation of a single 
spheroid in concave (U- or V-shaped) wells, while other plate brands lead 
to formation of satellite spheroids—indicating a higher degree of cell 
adhesion. Formation of spheroids, tumorspheres, embryoid bodies, and 
neurospheres using Lipidure plates has been demonstrated for cell types 
including embryonic stem cells and induced pluripotent stem cells (hu- 
man and mouse), NIH3T3, preadipocytes, HepG2, and other cancer cell 
lines as well as primary neuronal cells. 

AMS Biotechnology 

For info: 617-945-5033 

www.amsbio.com/lipidure-coat.aspx 
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Science Career Fair at Harvard University 
& FAS - PDA Poster Session 


Date: Thursday, June 21, 2019 
Location: Harvard Campus, Northwest Building, B100, Cambridge, MA 
Time: 11:00 am — 6:30 pm EST 


JOB SEEKERS! Science Careers has partnered with Harvard University 
and the Faculty of Arts and Sciences Postdoctoral Association 
(FASPDA) to produce a unique career fair open to all. Join us for a 
chance to meet with top scientific organizations and get important 
advice from career experts. The combination of valuable career 
development sessions, company presentations, poster sessions, and 
employer exhibits makes this a free “must-attend” event for scientists. 


Learn more at https://scim.ag/3055DRK 


HN Icahn School 
of Medicine at 
Mount 
Sinal 
The Department of Microbiology 
at the Icahn School of Medicine at 
Mount Sinai seeks highly qualified 
individuals for faculty positions in 
virology. Appointments can be at the 


Assistant, Associate, or Professor 
level. 


All positions require outstanding 
academic credentials and scholarly 
productivity. Candidates will 
be expected to sustain an active 
research and publication portfolio 
and supervise graduate students and 
postdoctoral scholars. 


Interested applicants are asked to 
submit a brief one page summary of 
their research interests along with a 
CV or NIH biosketch. All material 
can be sent to the Chair of the search 
committee, Professor Benjamin 
tenOever at Benjamin.tenOever@ 
mssm.edu. 


Stanford University School of Medicine 
a Assistant Professor 


Department of Developmental Biology 


Stanford University is seeking applicants for a tenure-track Assistant Professor position in the Department 
of Developmental Biology in the Beckman Center for Molecular and Genetic Medicine in the School 
of Medicine. We are particularly interested in candidates who will establish a vigorous and innovative 
research program studying fundamental biological processes in any experimental system. We also expect 
the successful candidate to participate in teaching advanced courses for graduate and medical students. 


We view Developmental Biology in the broadest sense, encompassing Microbes to Humans and employing 
a wide-variety of molecular and genetic approaches as well as systems level biology, engineering, and 
computational science. Current faculty in the department of Developmental Biology use a diverse range 
of genetic, genomic, cell biological, biochemical, and computational approaches to study many different 
organisms, including microbes, worms, flies, fish, mice, and humans. For more information on our 
department see: https://devbio.stanford.edu. 


The predominant criterion for appointment in the University Tenure Line is a major commitment to 
research and teaching. Individuals appointed as Assistant Professors in the UTL will have completed 
housestaff training (where applicable) and, additionally, one or two years of postdoctoral research 
experience. Their accomplishments during graduate and postgraduate training should already have 
stamped them as creative and promising investigators. If these individuals have not had formal teaching 
experience, they should have demonstrated during their postdoctoral training a commitment to develop 
the skills necessary for first-rate teaching. In short, the successful candidate must have demonstrated 
true distinction (or the promise of achieving true distinction) in research, and the capability of sustaining 
first-rate performance (or the promise of this) in teaching, and excellence in patient care (if applicable) 
appropriate to the programmatic need upon which the appointment is based. 


Stanford is an Equal Employment Opportunity and Affirmative Action Employer. All qualified applicants 
will receive consideration for employment without regard to race, color, religion, sex, sexual orientation, 
gender identity, national origin, disability, protected veteran status, or any other characteristic protected 
by law. Stanford welcomes applications from all who would bring additional dimensions to the University s 
research, teaching and clinical missions. 


Interested applicants should send a curriculum vitae, a brief statement of research interests in a single pdf 
file, and, arrange to have three letters of recommendation sent to: devbiofacultysearch@stanford.edu. 
Consideration of application files will begin September 15, 2019, and will be accepted until the position 
is filled. 
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The Department of Organismic and Evolutionary Biology at Harvard University 
invites applications or nominations for the Sarah and Daniel Hrdy Visiting 
Fellowship in Conservation Biology. The Hrdy Fellowship is open to researchers 
at any rank; we encourage applications from both established scientists as well 
as those who have recently received their Ph.D. The fellowship supports visits 
of either one or two semesters. 


The Hrdy Fellowship is awarded to an individual who will engage in scientific 
study in the Department of Organismic and Evolutionary Biology. Recipients 
of this fellowship are expected to have a strong and transformative effect on 
the study of conservation biology at Harvard University. Applicants from any 
research field within conservation biology are welcome to apply. Research 
of previous Hrdy Fellows has included conservation paleobiology, marine 
evolution and conservation, conservation biology of amphibians and reptiles, 
and the impact of human activities on the environment. Information about 
previous fellows is available here: http://oeb.harvard.edu/hrdy-fellowship. 


The Sarah and Daniel Hrdy Fellowship in Conservation Biology is made 
possible by the generosity of Sarah and Daniel Hrdy. 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 


at www.eglcf.org 
Application Deadline is September 29, 2019 


The Hrdy Fellow is primarily expected to engage in leading-edge research, 
where possible in collaboration with members of the Harvard community. 
Additional responsibilities include a public lecture by the Fellow in any area 
of conservation biology. Finally, the Fellow is required to teach a one-semester, 
seminar-style course aimed at upper-level undergraduates. For more information 
on teaching, contact OEB Chair Elena Kramer, at ekramer@oeb.harvard.edu. 


Application Process: Fellowships are awarded through a competitive review 
process that will begin on October 1, 2019 for appointments to begin no 
earlier than August 1, 2020. To be considered for a fellowship, please submit 
materials through the ARiES portal at http://academicpositions.harvard. 
edu/postings/9057. 

Harvard University is an Equal Opportunity Employer and all qualified 
applicants will receive consideration for employment without regard to 
race, color, religion, sex, national origin, disability status, protected veteran 
status, or any other characteristic protected by law. 
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Teaching ingenuity 


fter a fulfilling career as a college biology professor, I’m retiring. “What will you miss most?” 
a colleague asked. My answer was something that, 30 years ago, I would never have expected 
myself to say: “I will miss the creativity of teaching.” When I was a new faculty member, I 
considered teaching a necessary evil that took me away from the lab bench. I wanted to focus 
on research, guiding graduate students in what I hoped would be groundbreaking studies on 
nerve growth. I believed imagination lived not in the classroom, but in the laboratory—to be 
used for inventing techniques, designing experiments, and interpreting data. But when my life took an 


unexpected turn, I realized how wrong I had been. 


I was 10 years into my career, hap- 
pily plugging away at my research 
as a tenured professor, when my 
teenage niece was orphaned and I 
became her guardian and single par- 
ent. After taking some time to adjust, 
I decided that I wouldn’t be able to 
manage a full-fledged neuroscience 
lab and give my niece the attention 
that she needed. So, I decided to shift 
my focus to teaching mostly under- 
graduate classes. Teaching made it 
easier for me to get home at the same 
time each evening and spared me the 
stress and time required to manage 
people and projects in the lab. 

It was hard to drop a research 
program that—up to that point— 
had defined my career and fueled 
my passions. To stay close to the 
research world, I began to assign 
journal articles in my upper-level undergraduate course, 
anticipating lively discussions about the latest discoveries. 
This failed miserably. My students would skim the papers, 
but they’d rarely dive into them fully. Many wouldn’t even 
look at the figures, which I had expected them to focus on. 

A clue to the problem came when I took a look at the intro- 
ductory biology textbooks they had studied in earlier classes. 
There were abundant illustrations of scientific facts—the 
array of bones in a bird’s wing, the structure of a bacterial 
flagellum—but hardly any of the figures looked like the data 
presented in scientific papers. Equally problematic, the 
books had vanishingly few illustrations of how key findings 
had been made, or of who did the work. Now it made sense: 
My students were comfortable memorizing facts, but they 
lacked insight into how those facts were generated and how 
the conclusions were drawn. The ingenuity of research— 
what I loved most about being a scientist—was lost on them. 

This epiphany changed the way I used the primary litera- 
ture in my teaching; I started to go for depth over breadth. 


“T wanted [my students] 
to think deeply about the 
research process.” 


I spent multiple class sessions de- 
constructing a single paper with my 
students, analyzing each figure and 
table. I then asked, “If you had co- 
authored the paper we just studied, 
what would you do next?” 

Some balked. “I’m not creative,” 
they’d say. But I asked them to give 
it a try—adding a sense of urgency 
by announcing that, in a later class, 
we'd form “grant panels” that would 
rank their proposed studies and 
decide where to invest an imagi- 
nary pool of research funds. 

After taking part in the panels, 
the students changed their tunes. 
They were amazed by the variety of 
follow-up studies their classmates 
had thought up. They argued pas- 
sionately about which ideas were 
superior, expressing surprise when 
other panels made different choices: “Isn’t it obvious that 
No. 6 is best?” It was a thrill to see each student commit 
to an idea, in the process discovering something about 
their own powers of invention. Afterward, one whip-smart 
woman told me that—for the first time—she realized that it 
was OK to come up with her own scientific ideas. 

Could I have conveyed more information per minute by 
talking at my students? Sure. But that’s not how I wanted 
to teach. My students already knew how to learn facts. I 
wanted them to think deeply about the research process 
and to develop their own inventiveness. I wanted them to 
tap into their imaginations. 

In a famous lyric, Stephen Sondheim writes, “Look, I 
made a hat—where there never was a hat.” To my decades of 
students, I tip my hat—hoping that what they learned about 
their own creativity is the knowledge that lasts. 


Sally G. Hoskins is a professor emeritus at the City College 
of New York. Send your story to SciCareerEditor @aaas.org. 
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